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Crawfish processing by-products (CPBs) were hydrolyzed 
using protease to evaluate the potential for bioflavor 
production. Ten commercial proteases (neutral and alkaline) 
were tested at both 37°C and their optimum temperatures using 
CPBs as substrate. Of these, APL-440 was selected for 
enzymatic hydrolysis of CPBs on the basis of activity per 
cost.
Response surface methodology (RSM) was used to optimize 
the hydrolysis of CPBs using APL-440. Optimum hydrolysis 
conditions for enzymatic hydrolysis of CPBs with APL-440 were 
determined to be pH 8-9, 65°C, 2.5 hr reaction time, 75%
substrate concentration, and 0.3 % APL-440.
Two types of CPBs (composite and claw) were hydrolyzed 
under optimum hydrolysis conditions. Flavor concentrates 
were prepared using atmospheric evaporation (100°C) and 
vacuum evaporation (60°C). A higher volume of flavor 
concentrate was obtained by enzymatic hydrolysis.
Volatile flavor components of flavor concentrates were 
analyzed and compared. Concentrations of 12 pyrazines 
detected in flavor concentrates increased significantly 
(p<0.05) after enzymatic hydrolysis. 2,5-Dimethylpyrazine 
was the most abundant among the pyrazines detected. 
Concentrations of dimethyl disulfide, dimethyl trisulfide, 
and benzaldehyde also increased after enzymatic hydrolysis,
xviii
whereas lipid decomposition products decreased significantly. 
These results suggested that increased precursors (amino 
acids and peptides) by enzymatic hydrolysis or increased 
ammonia by deamidation of glutamine and asparagine led to an 
increase in thermally generated aromas. Although a number of 
volatile compounds disappeared after evaporation, the major 
volatile compounds were pyrazines, which concentrations 
increased markedly after atmospheric evaporation of CPBs 
hydrolysate. It is thought that 2-ethyl-3,6 (and 5) - 
dimethylpyrazines play an important role in flavor 
concentrate because of their low threshold values.
Enzymatic hydrolysis of CPBs was further evaluated on a 
pilot scale basis. Optimum hydrolysis conditions obtained 
from laboratory scale could be applied directly to pilot 
scale hydrolysis of CPBs.
It was demonstrated that composite CPBs or claw CPBs 
could be converted to value-added flavor concentrates by 
enzymatic hydrolysis, making it possible to utilize such 
crawfish processing by-products to their full potential and 




The Louisiana crawfish industry is the largest 
commercial crustacean aquaculture effort in the United States 
with an annual harvest exceeding one hundred million pounds. 
Processing plants produce over 85 million pounds of crawfish 
processing by-products (CPBs) annually, with recovery of only 
15% (by weight) of edible tail meat (Meyers et al., 1990). 
In contrast to other states with comparable natural fisheries 
resources and aquacultural capabilities, utilization of CPBs 
has been grossly neglected in Louisiana. Stricter 
enforcement of environmental laws, in addition to public 
concerns, have prompted the crawfish industry to seek viable 
alternative uses for their by-products to counter-balance the 
high cost of disposal.
In recent years, significant strides have been made 
toward better utilization of CPBs. Pigment recovered from 
CPBs currently is being utilized in mariculture of red sea 
bream in Japan (Meyers, 1987). This is an excellent example 
of the innovative approach required for utilization of 
seafood processing by-products wherein a traditional "waste" 
has been converted into a million dollar carotenoid pigment 
industry. Chitosan has been prepared from chitin isolated 
from CPBs (No et al. 1989) , and utilized as coagulant for
1
recovery of organic compounds from seafood processing streams 
(No and Meyers, 1989a,b). However, not all of CPBs are being 
utilized to their full potential since important and 
potentially recoverable flavors are being lost (Meyers et al. 
1990). Many recoverable volatile flavor compounds and 
precursors are present in CPBs (No and Meyers, 1989b; 
Tanchotikul and Hsieh, 1989; Cha et al., 1992). Potential 
exists for the utilization of CPBs for the production of 
marketable flavor extracts. This approach may generate 
additional revenue for crawfish processors, while at the same 
time significantly reduce their waste volume. Utilization of 
by-products for foods and flavorants has been demonstrated 
for other seafood industries (Joh and Hood, 1979; Burnette et 
al., 1983; Depaola et al., 1989; Reddy et al., 1989; Reddy 
and Flick, 1989; Jaswal, 1990; Shiau and Chai, 1990; Cha et 
al., 1993; Lee et al. 1993; Kim et al. 19R4b) .
Proprietary technical expertise exists in private 
industry for the production of seafood flavors since flavor 
companies have been marketing such products for some time 
(Anon, 1988) . Domestically these products are used in soups, 
chowders, and other food products that require additional 
seafood flavor. These flavors also have existing and 
expanding international markets, especially in the Japanese 
surimi industry. The demand for these "natural” flavors is 
expected to increase significantly in this decade (Anon., 
1990a).
In recent years consumer preference has increased for 
natural flavors. The flavor industry has responded to this 
demand by directing much of its research effort towards the 
development of processes for the production of natural 
flavorants. Some of the most innovative R&D efforts in 
recent years have led to the production of flavors and 
flavorants by thermal (process flavor) and biotechnological 
processes. The U.S. flavor industry is interpreting the 
regulations under the flavor labeling Section 21 CFR 101.22 
and the GRAS (generally recognized as safe) Section 21 CFR 
182 as to the regulatory status of these products. 
Basically, it is thought that materials produced by living 
cells or by their constituents, including enzymes, and/or by 
processing are natural, providing the starting materials are 
natural. Additionally, these materials are considered GRAS 
if no hazards are encountered.
Proteases can be used for recovery of flavor (Haard,
1992) . Protein hydrolysates from various kinds of by­
products have been produced using proteases (Tarky et al. 
1973; O'Meara and Munro, 1984a,b; Surowka and Fik; 1992). In 
(1990) developed an enzymatic process to produce seafood 
flavorants from seafood processing by-products. Protein 
hydrolysates such as hydrolyzed vegetable protein (HVP) and 
autolyzed yeast extract (AYE) have been widely used as flavor 
enhancers (Nagodawithana, 1992). Heat treatment can be 
applied to protein hydrolysate to produce Maillard reaction
flavor (process flavor), and this technology is being used 
for the production of meat and savory flavors (Dziezak, 
1986b).
There is no standard selection procedure for conducting 
protein hydrolysis, thus different procedures have been used 
by different researchers. Screening methodology has been 
developed for fish protein hydrolysis (Hale, 1969; Rebeca et 
al. 1991) and lean beef tissue hydrolysis (O'Meara and Munro, 
1984a). O'Meara and Munro (1984a) developed an enzyme 
selection procedure for solubilizing lean beef tissue. Hale 
(1969) determined relative activities of more than 2 0 
commercially-available proteases for the hydrolysis of fish 
protein. Enzyme selection was based on the enzyme 
concentration required to achieve 60% solubilization of fish 
protein in 24 h. Adler-Nissen (1986) pointed out that there 
was no standard strategy for screening enzymes for protein 
hydrolysis.
The Maillard reaction is considered to be important in 
food processing because thermally generated aromas such as 
pyrazines are produced via this reaction. Pyrazines are 
heterocyclic nitrogen-containing compounds which contribute 
to the nutty and roasted notes of foods (Maga, 1982b).
Cha et al. (1992) demonstrated that crawfish processing 
by-products could be further utilized to produce flavor 
concentrates. High concentrations of pyrazines were produced 
by evaporation at high temperature. Kim et al. (1994b) used
crayfish hepatopancreatic extract, which is a rich source of 
proteolytic enzymes, to improve flavor extractability from a 
crab processing by-product. However, research on enzymatic 
hydrolysis of CPBs using commercial proteases to produce a 
marketable flavor concentrate has not been performed.
The objectives of this study were (1) to select suitable 
protease(s) for hydrolysis of CPBs, (2) to optimize the 
processing conditions using response surface methodology 
(RSM), (3) to prepare hydrolysates from composite CPBs and 
claw CPB using selected protease(s), (4) to analyze and 
compare volatile flavor components in flavor concentrates 
prepared by atmospheric evaporation and vacuum evaporation, 




l. Utilization of By-Products for Food or Feedstock
By-Products can be defined as the components of raw 
agricultural commodities which are not utilized as food or 
feed (Cooper, 1993). In the seafood industry, by-products 
are defined as "a secondary raw material”, which includes the 
waste from processing edible fish and discarded by-catches 
(Pigott, 1982). Environmental concerns have prompted food 
scientists to conduct research on utilization of by-products. 
Utilization of by-products for food or feedstock is 
considered as an important research area in food science and 
identification and reduction of by-products is one of six top 
priorities for food research for the 21st century (IFT,
1993).
l.l. Utilization of Seafood Processing By-Products
Shiau and Chai (1990) characterized and evaluated oyster 
shucking liquid wastes, and proposed the possibility of their 
utilization as oyster soup. Similarly, demonstration 
projects have shown that clam wash water and clam bellies can 
be concentrated or dehydrated to produce flavor extracts (Joh 
and Hood, 1979; Reddy et al., 1989; Reddy and Flick, 1989). 
Food flavorants have been successfully produced from ocean
6
quahog clam juice by vacuum evaporation and freeze- and 
spray-drying (Burnette et al., 1983). Methods of production 
and application of natural seafood extracts have been 
addressed by Ochi (1980). Protein from shrimp peeler 
effluent has been recovered to alleviate the disposal 
problem, and the feasibility of recovery of food grade 
protein has been evaluated (Depaola et al., 1989). Crab 
processing by-product containing 31-32 % protein (on dry 
weight basis) has been hydrolyzed with 5 N HCl to obtain an 
amino acid hydrolysate for animal feeds, microbiological 
growth media, or other food products (Jaswal, 1990). 
Mechanically extracted blue crab meat from processing by­
products was characterized to produce high quality minced 
meat (Gates and Parker, 1993). Minced meat was recovered 
from blue crab processing by-products, and a crabcake was 
developed using minced crab meat (Lee et al., 1993). Flavor 
extract has been concentrated and recovered from snow crab 
cooker effluent (Cha et al. 1993), and it was concluded that 
significant amount of volatile heterocyclic compounds such as 
pyrazines were retained in effluent concentrate. Lin and 
Chiang (1993) removed salt and recovered flavor compounds 
from shrimp processing waste water by membrane processes. 
Fifty percent of the free amino acids and nucleotides were 
recovered using a reverse osmosis (RO) membrane, while 70% of 
the flavor compounds were recovered by electrodialysis. 
Chung and Cadwallader (1993) compared volatile compounds of
crab meat with those of crab processing by-products in order 
to evaluate these by-products for flavor recovery. It was 
suggested that crab processing by-products contained 
considerable amount of potentially recoverable crab 
volatiles. Kim et al. (1994b) hydrolyzed hard tissue 
materials, remaining after recovery of minced meat from blue 
crab processing by-products, using crawfish hepatopancreatic 
extract. It was concluded that flavor extractability was 
improved by enzyme treatment, and that some thermally 
generated volatiles also increased after heat treatment.
Hydrolysis of seafood processing by-products can be 
accomplished by fermentation, acid hydrolysis, or enzymatic 
hydrolysis. In general, fermentation is not feasible for the 
production of seafood extracts because it is too slow, thus 
allowing growth of spoilage microorganisms or more 
importantly, pathogenic microorganisms. Acid hydrolysis is 
also slow, requiring over 12 hr with 5 N HCl (Jaswal, 1990). 
However, enzymatic hydrolysis is considered natural, whereas 
chemical methods may present regulatory problems. Pan (1990) 
applied a protease for recovery of taste and volatile 
components from shrimp heads. In (1990) has developed an 
enzymatic process to produce seafood flavorants from seafood 
by-products. The principle of this process is quite simple 
and involves liquefaction, separation, and concentration. 
This technology employs the use of proteases for liquefaction 
of seafood processing by-products or underutilized species.
Similar approaches have been used for some time for the 
recovery and modification of fish protein hydrolysates 
(Goldhor et al., 1990) . Protein hydrolysate has been produced 
from fish waste (Tarky et al, 1973). Eighty percent of the 
fish waste protein was recovered using pepsin.
The use of proteolytic enzymes to release flavor 
compounds from solid seafood processing by-products involves 
the disruption of the proteinaceous matrix of the by-products 
with subsequent generation and liberation of water soluble 
compounds such as peptides, amino acids, nucleotides, and 
mineral salts. Many of these compounds impart distinct 
tastes to seafoods. For example, the major nonvolatile 
taste-active compounds in boiled snow crab have been 
identified as glycine, alanine, arginine, glutamic acid, 
inosine 5'-monophosphate, adenosine 5'-monophosphate, 
guanosine 51-monophosphate, NaCl, and K2HP04 (Hayashi et al., 
1984, 1990; Konosu, 1985). Snow crab leg meat contains high 
concentrations of the amino acids glycine, arginine, proline, 
taurine and alanine, which increase following acid hydrolysis 
of the tissue (Konosu et al. , 1978) . Similarly, an amino
acid hydrolysate from crab processing by-products was found 
to contain high amounts of leucine, arginine, valine, 
threonine, glycine, glutamic acid, aspartic acid, and glycine 
(Jaswal, 1990). No and Meyers (1989) reported that crawfish 
processing wastewater contained large amounts of recoverable
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free amino acids such as arginine, alanine, glutamic acid, 
serine, and glycine.
1.2. Utilization of Heat Processing By-Products
O'Meara and Munro (1984b) evaluated conditions for the 
hydrolysis of lean beef tissue (meat left on bones and heads) 
by Alcalase to convert this meat processing by-product into 
edible products. Surowka and Fik (1992) produced a non­
bitter protein hydrolysate from chicken heads using a neutral 
protease. They produced 75 g of dry hydrolysate with 78.1 % 
total protein content out of 1 kg of raw material. Gault and 
Lawrie (1980) recovered protein from meat industry by­
products (lungs, stomach, and small and large intestines of 
ox, sheep, and pig).
1.3. Utilization of Crawfish Processing By-Products
Annually, multi million pounds of by-products are
generated by the Louisiana crawfish industry. Strict 
environmental regulation has prompted the crawfish industry 
to seek viable alternatives for transforming by-products to 
value-added products. CPBs are a good source of carotenoid 
pigment, chitin and flavorant (Meyers et al., 1990).
Meyers and Bligh (1981) extracted and characterized 
astaxanthin pigments of high concentration (153 nq/q) from 
the exoskeleton of CPBs. The possibility for diets for 
aquaculture-raised fish to enhance flesh pigmentation was
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proposed (Chen et al. 1984). Chen and Meyers (1982a,b) 
patented an astaxanthin pigment extraction process from CPBs 
using soybean oil (Meyers and Chen, 1985). Acid ensilage was 
later found to improve astaxanthin pigment extraction (Chen 
and Meyers, 1983).
No et al. (1989) isolated and characterized chitin from 
CPBs. Chitosan prepared from chitin was applied to recover 
amino acids (No and Meyers, 1989a) and organic compounds (No 
and Meyers, 1989b) from seafood processing waste water. 
Meyers et al. (1990) summarized the approach of total 
utilization of CPBs.
Tanchotikul and Hsieh (1989) analyzed volatile flavor 
components in CPBs and concluded that they were a suitable 
source for flavor recovery. Later, Cha et al. (1992) 
demonstrated that CPBs could be further utilized to produce 
a flavor concentrate.
2. Production of Bioflavor Using Enzymes
The most interesting and most rapidly growing area in 
the flavor industry is the production of flavoring components 
using biotechnology (Knorr and Sinskey, 1985; Dziezak, 
1986a,b; Manley, 1987; Gatfield, 1988b; Schreier, 1989; Welsh 
et al., 1989). Also, many consumers prefer natural flavors, 




According to Section 21 CFR 101.22, the term "natural 
flavor" or "natural flavoring" means the essential oil, 
oleoresin, essence or extractive, protein hydrolysate, 
distillate, or any product of roasting, heating or 
enzymolysis, which contains the flavoring constituents 
derived from a spice, fruit or fruit juice, vegetable or 
vegetable juice, edible yeast, herb, bark, bud, root, leaf or 
similar plant material, meat, seafood, poultry, eggs, dairy 
products, or fermentation products thereof, whose significant 
function in food is flavoring rather than nutritional. 
Natural flavors can be produced by plant tissue culture 
(Dziezak, 1986c), microorganisms (Kempler, 1983; Romero, 
1992), and enzymes (Shahani et al., 1976; Bigelis, 1992).
2.2. Enzymatic Production of Flavors
Enzymes play an important role in the production of 
flavor compounds in a wide variety of foodstuffs (Dwivedi, 
1973; Gatfield, 1988a). Hewitt et al. (1956) demonstrated 
the importance of enzymes in the flavor restoration of 
processed food. They reported that the typical odor and 
taste of watercress could be restored within a few minutes 
when an enzyme preparation from white mustard seeds was added 
to tasteless and odorless dehydrated watercress in water.
Lipolytic enzymes (lipases and esterases) have been 
widely studied to modify and develop flavors in dairy
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products (Nelson, 1972; Arnold et al. 1975; Dziezak, 1986b). 
The terms lipase and esterase often are used interchangeably 
(Huang and Dooley, 1976). Lipolysis is defined as enzymatic 
hydrolysis of triglycerides resulting in the release of free 
fatty acids. Desirable flavor modifications in milk fat can 
be accomplished through controlled lipolysis (Arnold et al., 
1975). The profile of free fatty acids depends on the 
specificity of the lipase used (Shahani, 1975). For example, 
lipase from Penicillium roqueforti has greater specificity 
for short chain fatty acids, whereas, that from Penicillium 
cyclopium is more active against long chain fatty acids. 
Lipases producing short chain fatty acids (C4) give rancid 
flavors, whereas, those producing long chain fatty acids give 
soapy flavors. Thus enzymatic hydrolysis should be 
controlled carefully because unpleasant and soapy flavor can 
be detected at high concentrations of long chain fatty acids. 
Enzyme modified cheese has been developed using microbial 
lipases or esterases (Huang and Dooley, 1976; Arbige et al, 
1986; Dziezak, 1986b; Lee et al., 1986). Sood and Kosikowski 
(1979) used microbial proteolytic and lipolytic enzymes to 
accelerate Cheddar cheese ripening and improve cheese flavor 
quality.
Esters can be synthesized from alcohols and acids by the 
use of isolated lipases. Iwai et al. (1980) synthesized 
terpene alcohol esters from low molecular weight fatty acids 
(C3-C6) and terpene alcohols, such as geraniol and
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citronellol, using a lipase from Aspergillus niger. 
Interesterification of lower grade fats to expensive fats by 
lipases offers another potential. If fat, lipase, and free 
fatty acids are incubated together, the free fatty acid will 
replace those already present in the fat (Gatfield, 1988b). 
Optical isomers with different flavor characteristics may be 
separated cheaply by lipase (Cambou and Klibanov, 1984). 
Hydrolysis of a racemic mixture of optically active esters by 
lipase can produce specialized flavors.
In addition to lipases and esterases, proteases and 
nucleases also can be used for savory flavor production. 
Yeast autolysate contains these two types of enzymes, thus it 
can produce flavor compounds and enhancers. Flavor 
production from nucleic acids (IMP and GMP) relies on 5' - 
phosphodiesterase and 5'-adenylic deaminase (Gatfield, 1988a; 
Bigelis, 1992). Dehydrogenase and reductase offer another 
potential for new flavor technology. At present,
considerable interest has been shown in the use of alcohol 
dehydrogenase (ADH) (Gatfield, 1988a). The procedure for 
conversion of ethanol to acetaldehyde using alcohol 
dehydrogenase (ADH) was patented in 1984 (Raymond, 1984). 
The process is complex because a cofactor has to be 
regenerated. ADH needs nicotinamide adenine dinucleotide 
(NAD) as cofactor, which is reduced to NADH during reaction. 
NAD can be regenerated from NADH by light catalyzed oxidation 
with flavin mononucleotide (FMN). The reduced form, FMNH2,
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is oxidized to FMN by 02. Hydrogen peroxide produced by this 
reaction is decomposed to oxygen and water by catalase.
Shipe et al. (1975) proposed the possibility of 
enzymatic modification of milk flavor by increasing desirable 
flavors, removing off-flavors, and preventing development of 
off-flavors. Enzymes can be used as processing aids, for 
example, pectinase and cellulase can be used to reduce 
viscosity during fruit flavor extraction (Dziezak, 1986b).
3. Proteases
Proteases can be classified according to their sources 
(animal, plant, or microbial), their action modes (endo- or 
exo-type), and the nature of the catalytic site (alkaline 
protease or serine protease, sulfhydryl protease or cysteine 
protease, metal-containing protease or metalloprotease, and 
acid protease or aspartic protease) (Whitaker, 1972; Adler- 
Nissen, 1986).
Trypsin, chymotrypsin, pepsin, and rennin can be 
obtained from animals. Papain, ficin and bromelain are 
present in papaya, fig, and pineapple, respectively. 
Microbial proteases can be produced from both bacteria and 
fungi. The microbial proteases used widely in industry have 
been reviewed (Keay, 1971; Outtrup and Boyce, 1990).
Endo-type proteases hydrolyze peptide bonds randomly 
within proteins to produce relatively large peptide chains,
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while exo-type proteases cleave peptide bonds one by one from 
terminal amino acids (either carboxyl group or amino group).
Serine protease (or alkaline protease) is active in a pH 
range from 7.0-11.0, and has an essential seryl group in its 
active site (Kelly and Fogarty, 1976). The sulfhydryl 
protease (or cysteine protease) has essential cysteinyl and 
histidyl residues in its active site, and exhibits optimum 
activity at neutral pH. The metal-containing protease (or 
metalloprotease) requires Zn+ or Mn+, and thus, is inhibited 
by metal-chelating agents such as EDTA. Optimum activity 
occurs at neutral pH. Almost all metal-containing proteases 
are exopeptidases. The acid protease (or aspartic protease) 
exhibits optimum activity at acid pH. This group of 
proteases has an essential aspartic acid in the active center 
(Fruton, 1976).
Proteases can be used for modification and enhancement 
of flavor (Welsh et al., 1989; Haard, 1992). Autolyzed yeast 
extract (AYE), produced by the action of endogenous 
proteases, as well as hydrolyzed vegetable protein (HVP) has 
been used as flavor enhancer (Nagodawithana, 1992). 
Desirable aromas of AYE, such as pyrazines, pyrroles and 
thiazoles, are formed from precursors during heat processing 
via Maillard reaction. Flavors produced from AYE and HVP are 
typical examples of process flavors or reaction flavors 
(Giese, 1994). Proteases have been widely used for 
development of fish protein concentrate (FPC) (Pigott, 1982),
which can be used for formulated foods and animal feeds. 
Enzymatic hydrolysis of fishery or meat processing by­
products has been carried out successfully to recover flavors 
and eliminate the disposal problem (Tarky et al., 1973; 
O'Meara and Munro, 1984a,b; Surowka and Fik 1992). Pan 
(1990) applied a protease for recovery of taste and volatile 
components from shrimp heads. In (1990) has developed an 
enzymatic process to recover seafood flavorants from seafood 
processing by-products. Appendix 1 lists proteases used for 
food protein hydrolysis.
Amino acids and peptides formed by the action of 
proteolytic enzymes may be degraded during thermal processing 
to produce Maillard reaction products (Rizzi, 1989). The 
production of certain meat and savory flavors employs this 
technology (Dziezak, 1986b). On heating, sulfur amino acids, 
cysteine, cystine, and methionine, may form a large number of 
volatile sulfur compounds which make a substantial 
contribution to many seafood aromas, even in small amounts 
(Kubota et al, 1980). A more recent study has investigated 
use of crayfish hepatopancreatic extract (CHE) for 
improvement of the extractability of flavor compounds from a 
crab processing by-products (Kim et al., 1994b). 
Concentration of volatile flavor compounds increased 
significantly in CHE-treated material.
1 8
4. Thermal Generation of Volatile Flavor Compounds
Generation of aromas in foods can be classified as three 
processes such as biogeneration by enzymatic and microbial 
processes, the production of chemical precursors, and thermal 
generation (Parliment, 1989). Thermal generation of aromas, 
especially the Maillard reaction, plays an important role in 
generation of food aromas during cooking and roasting.
4.1. Process Flavors
Process or reaction flavors originate primarily from 
Maillard reactions occurring during processing and 
preparation of foods, such as roasting and boiling (Giese,
1994). In addition to controlled oxidation of lipids and 
fatty acids, vitamins and nucleotides play an important role 
in process flavors (Manley, 1987). Process flavor technology 
has been widely used to develop meat flavor (Bailey and 
Einig, 1989; van den Ouweland et al. 1989).
4.2. Maillard Reaction
In 1912, French chemist Louis-Camille Maillard studied 
the brown pigments produced from heating of glucose and 
glycine. Since then, the Maillard reaction has included the 
reactions of aldehydes, ketones, and reducing sugars with 
amines, amino acids, peptides and proteins (Hurrell, 1982).
Maillard reaction can be divided into two stages; early 
Maillard reaction and advanced Maillard reaction (Hodge,
1953). In brief, early Maillard reaction, which does not 
cause browning or generate flavor, involves the condensation 
reaction between the carbonyl group of a reducing sugar and 
the free amino group of amino acid or protein. 1-Amino-l- 
deoxy-2-ketoses (Amadori compounds), important non-volatile 
flavor precursors, are formed by Amadori rearrangement. In 
the advanced Maillard reaction, Amadori compounds produce 
fission products such as dicarbonyls and dehydration products 
such as 2-furaldehydes. Also, amino acids are degraded to 
the one carbon less aldehydes with the loss of carbon dioxide 
by oxidative degradation of free amino acids by the a- 
dicarbonyls produced on the breakdown of Amadori compounds 
(Strecker degradation). These products result in formation 
of melanoidin pigments, Strecker aldehydes, and heterocyclic 
volatile compounds. These reactions are summarized in 
Appendix 2 and Appendix 3.
The Maillard reactions are influenced by heating 
temperature and heating time, moisture content, pH, and type 
of sugar (Hurrell, 1982). The rate of reaction increases 
with an increase of temperature and heating time. The 
Maillard reaction is favored by low moisture levels, but 
extremely low moisture levels retard the reaction. The 
reaction favors alkaline pH. Among the carbohydrates, only 
reducing sugars can take part in Maillard reactions. 
Aldopentoses are more reactive than the aldohexoses, and 
reducing disaccharides such as maltose and lactose are less
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reactive than monosaccharides (Spark, 1969). Even though 
sucrose is a non-reducing sugar, its constituent 
monosaccharides, which may be produced by sucrose hydrolysis 
at high temperature, play a role in the Maillard reaction.
Heat treatment, such as baking and roasting, of foods 
has been used for a long time to enhance the flavor of foods. 
Maillard technology also can be applied to produce meat and 
savory flavors (Buckholz, 1989).
4.3. Peptides as Flavor Precursors in the Maillard 
Reaction
Amino acids and peptides play an important role in taste 
of foods. Bitter peptides, which consist largely of 
hydrophobic amino acids, are known to cause bitterness 
(Adler-Nissen, 1986). Also, it is known that certain 
peptides are responsible for meaty tastes (Yamasaki and 
Maekawa, 1978; Tamura et al., 1989; Spanier and Miller, 
1992) .
Less attention has been paid to aroma generation from 
protein-sugar systems and peptide-sugar systems because free 
amino acids have traditionally been thought to be the major 
precursors in heated foods. However, Ferretti and Flanagan 
(1971) identified pyrazines in a lactose-casein system, 
indicating the contribution of proteins to the formation of 
Maillard reaction volatiles.
Rizzi (1989) reported that pyrazines were formed from 
the Maillard reaction of peptides and fructose. Peptides 
Gly-Val, Gly-Leu, and Ala-Leu-Gly produced relatively more 
pyrazines than mixtures of respective individual amino acids. 
Ho et al (1992) observed that aqueous solutions of glycine, 
diglycine, triglycine and tetraglycine with D-glucose 
produced large amounts of pyrazines at 180°C and pH 4-5. 
Pyrazinones were identified as peptide-specific Maillard 
reaction products. Recently, the role of ammonia on the 
Maillard reaction during extrusion of autolyzed yeast extract 
was clearly demonstrated (Izzo and Ho, 1992). These workers 
concluded that ammonia accelerated brown color formation, but 
supressed the thermal generation of aroma. Ammonia 
contributed to the thermally generated aroma via deamidation 
of glutamine and asparagine (Izzo and Ho, 1993). Ammonia can 
be liberated from protein by deamidation of glutamine and 
asparagine. Hwang et al. (1993) demonstrated that amide 
nitrogen contributed to a greater extent to pyrazine 
formation in a glucose-glutamine-amide-15N model system.
4.4. Lipids as Flavor Precursors in the Maillard Reaction
Although the reaction of reducing sugars and amino acids 
are the main type of Maillard reaction for formation of 
heterocyclic compounds, lipids also play an important role 
(Ho et al., 1989; Shibamoto and Yeo, 1992). Aldehydes from 
oxidative degradation of polyunsaturated fatty acids can
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serve as precursors in the Maillard reaction (Vernin and 
P&rk&nyi, 1982). Rizzi (1972) suggested that fats could act 
as another possible source of pyrazine precursors from the 
reaction of a-dicarbonyl compounds with a-amino acids. a- 
Dicarbonyl compounds are widespread in foods and in heated 
fats (Cobb and Day, 1965). Identification of long-chain 
alkylpyrazines in lipid-rich food systems raised a question 
of involvement of lipids or lipid decomposition products in 
the formation of heterocyclic compounds (Huang et al., 1987). 
Ho et al. (1989) postulated the mechanism for the formation 
of 2,5-dimethyl-3-pentylpyrazine in the acetol/ammonium 
acetate/pentanal system. The reaction of lipid degradation 
products with degradation products of amino acids generates 
volatile compounds (Hwang et al., 1986; Ho et al., 1989; 
Macku and Shibamoto, 1991). Umano et al. (1990) reported 
that nitrogen-containing heterocyclic compounds were formed 
in heated lipid-rich foods such as eggs. Phospholipids also 
participate in Maillard reactions, playing an important role 
in the aroma of cooked meats (Salter et al., 1988).
4.5. Pyrazines
Pyrazines are heterocyclic nitrogen-containing compounds 
which contribute to the unique flavor and aroma associated 
with roasting and toasting of numerous foods. Pyrazines have 
been an area of major interest among flavor chemists.
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Several reviews on pyrazines have been published (Maga and 
Sizer, 1973a,b; Maga, 1982a,b).
In organic chemistry, tetraphenylpyrazine was 
synthesized for the first time in 1855 (Barlin, 1982), but 
pyrazine occurrences in foods were not widely reported until 
the mid 1960's (Maga, 1973b) . Most pyrazines have been found 
in foods that are typically toasted or roasted, one exception 
is the methoxypyrazines in bell pepper (Buttery, 1969). 
Naturally occurring pyrazines have been isolated, 
demonstrating the possibility of enzymatic formation of 
pyrazines. Pyrolysis can be used to obtain pyrazines. Knorr 
et al. (1985) reported that chitin heated at 300-500°C 
produced pyrazines.
Pyrazines have been found in insects, acing as 
pheromones. It was reported that 3-ethyl-2,5-
dimethylpyrazine - served as a trail pheromone of the South 
American leaf-cutting ant (Cross et al. 1979). It was 
observed that alkylpyrazines, as alarm pheromones, were 
secreted in ponerine ants and functioned as defensive 
compounds (Wheeler and Blum, 1973).
Pyrazines are considered to be important volatile 
compounds by the food industry. Furthermore, natural 
pyrazine demand is growing due in part to an increasing 
interest in naturally derived products. These products are 
commanding prices as high as $ 3,000/kg and demand is
expected to increase (Anon., 1990b).
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4.6. Mechanisms of Pyrazine Formation
Koehler et al. (1969) demonstrated that the origins of 
the carbon and nitrogen atoms in the pyrazine molecule were 
sugars and amino acids, respectively. There are two possible 
formation pathways for heterocyclic compounds such as 
pyrazines. One is that sugars should be decomposed first to 
produce unstable a-diketones and aldehydes, and those 
carbonyls subsequently react with amines to form heterocyclic 
compounds (Walradt et al., 1971). The other is that sugars 
react with amines followed by formation of a-amino carbonyl 
intermediates, and these intermediates produce heterocyclic 
compounds (Shibamoto and Bernhard, 1977a,b). Shibamoto and 
Bernhard (1977a) proposed that 10 a-amino carbonyl compounds 
served as the intermediates of pyrazine formation in glucose- 
ammonia model systems as shown in Appendix 4. Also, they 
proposed that formation of the pyrazine ring from 
dihydropyrazine was due to dehydration of hydroxy 
dihydropyrazine rather than to the dehydrogenation of 
dihydropyrazine, based on the fact that the formation of 
pyrazines does not appear to require oxygen. As shown in 
Appendix 5, the formation pathway of a-amino carbonyl 
fragments from glucose was suggested (Shibamoto and Bernhard, 
1977a). Shibamoto and Bernhard (1977b) further proposed the 
formation pathways of a-amino carbonyl fragments from 
rhamnose, 2-deoxyglucose, xylose, arabinose, glyceraldehyde, 
and dihydroxyacetone. A reaction mechanism for the formation
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of cyclic pyrazines was proposed from the reaction of L- 
rhamnose with ammonia (Shibamoto and Bernhard, 1978). The 
formation can be explained by the addition of ammonia to 
cyclopentenone derivatives and subsequent condensation with 
a-amino carbonyl intermediates. Shibamoto et al. (1979) 
postulated the formation pathway of 5-methyl-6,7-dihydro-5H- 
cyclopentapyrazine. Rizzi (1972) suggested that pyrazines 
could be formed from the reaction of a-diketone and a-amino 
acids.
Pyrazine formation can take place under mild conditions. 
Rizzi (1988) demonstrated that tetramethylpyrazine was formed 
from 3-hydroxy-2-butanone (acetoin) and ammonia at 22°C and 
acidic pH, and proposed the formation mechanism of pyrazines 
from acyloin and ammonia. Pyrazines under high temperature 
are well-known to be the minor products of Maillard reactions 
of free amino acids and reducing sugars (Maga, 1982b). 
Pyrazines can be formed in the reactions of acyloins and 
ammonia under mild conditions and acidic pH (Rizzi, 1988). 
This may explain the formation of naturally occurring 
pyrazines, for example tetramethylpyrazine from 
Corynebacterium glutamicum (Demain et al., 1967) and 2- 
methoxy-3-alkylpyrazines from Pseudomonas perolens (Mclver 
and Reineccius, 1986). Microbial fermentation and enzyme 
engineering technology have potential for biogeneration of 
pyrazines (Gatfield, 1988b).
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4.7. Factors Affecting Pyrazine Formation
Shibamoto and Bernhard (1976) investigated the effect of 
time, temperature, and reaction ratio on pyrazine formation 
from a D-glucose and ammonia model system. The reactant 
ratio, reaction temperature, and reaction time changed the 
total yield, but not the distribution pattern of the 
products. Total yield of pyrazines was obtained by the 
addition of hydroxide ion. The yield of total pyrazines 
increased as the concentration of ammonia increased until the 
latter reached an eight-fold excess relative to sugar. 
Maximum yield of pyrazines was obtained after 4 hr of heating 
at 100°C. Pyrazine formation increased rapidly as 
temperature increased above 70 °C and reached a maximum at 
120°C, with the yield decreasing sharply above 120°C. 
However, Koehler and Odell (1970) reported that no pyrazines 
were formed below 100°C. It was reported that only 0.2% of 
the sugars and amino acids available were consumed to form 
pyrazines during roasting of cocoa beans (Reineccius et al., 
1972) .
Shibamoto and Bernhard (1977b) investigated the effect 
of the nature of the sugar on pyrazine formation pathways. 
They evaluated glucose, mannose, galactose, fructose, 
rhamnose, xylose, arabinose, 2-deoxyglucose, glycealdehyde, 
1,3-dihydroxyacetone, sorbitol and glycerol in model systems 
containing ammonium hydroxide. Total yields of pyrazines 
from mannose and fructose were about equal, but galactose
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exhibited a slightly lower yield. Pentoses were found to 
give slightly higher yields than hexoses, but their 
distribution patterns were similar. The stereoisomers, 
ketoses and aldoses, showed almost identical results with the 
exception that aldoses gave more pyrazine (unsubstituted) . 
Koehler and Odell (1970) reported that a greater yield of 
pyrazines was obtained when fructose was substituted for 
glucose.
The effect of nitrogen on pyrazine formation has been 
controversial for a long time. van Praag et al. (1968) 
reacted fructose with a variety of amino acids and concluded 
that free ammonia was the intermediate, thus, resulting in 
formation of the same pyrazines regardless of the amino acids 
utilized. However, Koehler et al. (1969) reported that 
different pyrazines were produced in the reactions of 
glucose-amino acids and glucose-ammonium chloride, suggesting 
that variations in pyrazine distribution were due to the 
different rates at which various amines reacted with sugar 
fragments and the ease of nucleophilic attack of the amino 
acid on the sugar. Wong and Bernhard (1988) proposed that 
the distribution of pyrazines depended strongly on the nature 
of the nitrogen source. Trimethylpyrazine was the 
predominant pyrazine in the reaction of glucose and glycine, 
whereas, 2,5-dimethylpyrazine was the most abundant in the 
reaction of glucose and glutamate.
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5. Studies on Volatile Flavor Compounds from Crawfish 
Hepatopancreas, Tail Meat and Processing By-Products
The first systematic analysis of volatile flavor 
compounds of crawfish was by Kinlin et al. (1974). They 
isolated volatile flavor compounds from cooked crawfish 
hepatopancreatic tissue ("fat") using headspace analysis, 
atmospheric steam distillation, and vacuum steam 
distillation. Over 100 compounds were identified, and it was 
concluded that lower molecular weight aldehydes, enals, 
dienals, ketones and pyrazines were the most important 
contributors to desirable volatile flavor of freshly cooked 
crawfish.
Vejaphan et al. (1988) investigated the volatile flavor 
compounds from boiled crawfish tail meat using dynamic 
headspace sampling (DHS). Seventy volatile compounds were 
identified, including various lipid oxidation products and 
thermally generated compounds such as pyrazines. Williams 
(1988) identified a total of 58 compounds, including 
aldehydes, ketones, alcohols, alkenes, aromatic hydrocarbons, 
sulfur containing and nitrogen-containing compounds from the 
dynamic headspace of crawfish hepatopancreatic tissue, and 
concluded that 3-methylthiopropanal (methional) generated 
during thermal processing was responsible for a desirable 
salty, meaty aroma. Comparison of volatile flavor profiles 
of raw, freshly boiled, and boiled and freezer-stored 
crawfish hepatopancreas tissue led to the conclusion that
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flavor could be formed by thermal processing, and flavor 
components could migrate between the hepatopancreas and tail 
meat. Hsieh et al. (1989) reported on the dynamic headspace 
volatile flavor compounds from boiled crayfish tail meat and 
boiled crayfish hepatopancreas. Fifty-eight and 49 volatile 
flavor compounds were identified in the headspace of the tail 
meat and the hepatopancreas, respectively. They mentioned 
that thermally generated heterocyclic compounds such as 
pyrazines, 2-methylthiophene, thiazole and 3- 
methylthiopropanal could be important flavor components in 
boiled crawfish tail meat and hepatopancreas.
Tanchotikul and Hsieh (1989) investigated the volatile 
flavor components in CPBs to evaluate the aroma quality. One 
hundred and seventeen compounds were identified, among which 
70 and 49 compounds were identified in tail meat and 
hepatopancreas, respectively. CPBs contained many of the 
desirable aromas found in tail meat and hepatopancreas, 
suggesting utilization of CPBs for flavor recovery. Cha et 
al.(1992) identified 78 volatile flavor components from 
flavor concentrates prepared from CPBs at two different 
evaporation temperatures. Thermally generated pyrazines 
increased significantly at the higher evaporation 
temperature. These results suggested that significant 
amounts of pyrazines could be obtained under optimal 
processing conditions.
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6. Proximate Analysis of CPBs
No et al. (1989) determined the proximate composition of 
CPBs. The contents of protein, fat, fiber, chitin, and ash 
were 35.8, 9.9, 16.5, 15.9, and 38.1 % (on a dry basis),
respectively. Carbohydrate content of CPBs is not available. 
However, Rhodes and Holdich (1984) reported that 1.11 % of 
total carbohydrate (on a wet basis) was present in freshwater 
crawfish (Austropotamobius pallipes) muscle.
7. Analysis of Volatile Flavor Compounds
Analysis of volatile flavor compounds consists of 
isolat ion , c o n c e n t r a t i o n ,  and a n a l y s i s  
(identification/quantification) of volatiles using GC/MS. 
Isolation of volatile flavor compounds can be performed using 
headspace analysis, solvent extraction, and distillation. 
Numerous reviews are found in the literature on isolation of 
volatile flavor compounds in foods (Weurman, 1969; Parliment, 
1986; Risch and Reineccius, 1989; Reineccius, 1993). Dynamic 
headspace sampling (DHS) is the most popular headspace 
analysis method. Volatiles obtained by DHS may resemble the 
actual aroma composition of foods perceived by our sense of 
smell. However, it is difficult or impossible to isolate 
high boiling point compounds of sensory importance using DHS. 
Solvent extraction is preferred for liquid and aqueous foods. 
This method is simple and efficient, but it is useful only on 
foods that do not contain lipids. Simultaneous steam
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distillation and solvent extraction (SDE) is a widely used 
distillation method (Likens and Nickerson, 1964). Although 
SDE is used predominantly in aroma research, the procedure 
may generate artifacts due to high temperature during 
distillation. Vacuum SDE may reduce artifact formation in 
many cases due to milder conditions.
Volatiles isolated from foods should be concentrated to 
provide sufficient amounts of volatiles for instrumental 
analysis using GC/MS.
8. Gas Chromatography-Olfactometry (GCO)
GCO is the collection of techniques utilizing humans as 
detectors on gas chromatographs or gas chromatographs as 
olfactometers to deliver pure doses of odorants to human 
subjects, and it can be classified into three groups: (1)
dilution analysis (2) cross-modal matching (3) perceived 
intensity (Acree, 1993).
CharmAnalysis™ and Aroma Extract Dilution Analysis 
(AEDA) are two dilution analysis methods. CharmAnalysis™ 
was developed by Acree et al. (1984) and its software 
(Charmware™) is available commercially (Acree, 1993). In 
CharmAnalysis™, serially diluted extracts are sniffed and 
the responses of each dilution are combined to create a 
chromatogram of peak areas (charm value) versus retention 
index. CharmAnalysis™ has been applied to several apple 
cultivars to describe apple flavor (Cunningham et al. 1986).
AEDA has been applied to identify or evaluate potent odorants 
or most intense volatile flavor compounds in wheat and rye 
bread crusts (Schieberle and Grosch, 1987), autoxidation of 
linoleic acid (Ullrich and Grosch, 1987), cooked beef (Gasser 
and Grosch, 1988) , and dill seed and dill herb (Blank and 
Grosch, 1991; Blank et al. 1992). The essence of this method 
is to analyze serially diluted extracts by GCO and determine 
FD-factors (the highest dilution at which a substance is 
still smelled) . The resulting aromagram is a plot of the FD- 
factors for all odor active substances in a mixture against 
their retention index (RI). Dilution analysis is a odor- 
detection threshold-based technique, which has been 
criticized (Maarse, 1991). The critical disadvantage of 
dilution analysis is the time required to complete the 
analysis, which may take several weeks or months.
Second is the cross-modal matching (CMM) method, which 
is any procedure used to record sensory perceptions by 
associating them with any other perceptions such as line 
length, sound pitch, handle position (Acree, 1993). Miranda- 
Lopez et al. (1992) developed osme (from the Greek word ou/xn, 
meaning smell) . The advantage of this method is that an 
osmegram is obtained only in one run.
Perceived intensity is to observe the entire eluting 
peak and to associate its perception at maximum intensity 
with a numerical scale (Acree, 1993). Chamblee and Clark 




Live crayfish (Procambarus clarkii); hereafter referred 
to as crawfish, were purchased from a seafood processor in 
Baton Rouge, LA. Live crawfish were temporarily stored in a 
4°C walk-in cooler. After cleaning, these live crawfish were 
boiled within 24 hr of purchase. Tailmeat was removed from 
the boiled crawfish by hand. Composite and claw crawfish 
processing by-products (CPBs) were collected separately. 
Composite CPBs was composed of claw, viscera, and shell.
Picking table scraps (composite CPBs) also were obtained 
from a processor in St. Martinville, LA. Clean sanitized 
containers were provided to pickers for collection of 
composite CPBs, which was packed on ice and immediately 
transported to the LSU Muscle Foods Laboratory. Upon arrival 
composite CPBs was coarsely ground using a Paoli meat/bone 
separator (model 23-668, Stephen Paoli International, 
Rockford, IL), and then mixed using a mixer. All procedures 
were conducted using proper sanitary practices. Ground 
composite CPBs was either used immediately or vacuum-packaged 
in polyethylene bags (ca. 500 g per bag, Koch Supplies, Inc., 
Kansas City, MO) and stored at - 2 0°C.
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Authentic flavor compounds were purchased from 
commercial sources or were generous gifts from Aldrich 
Chemical Co. (Milwaukee, WI).
2. Enzyme Studies
Initial studies focused on the selection of suitable 
enzymes from commercial neutral and alkaline proteases for 
the hydrolysis of composite CPBs.
2.1. Protease Activity Determination using Casein as 
Substrate
Two grams of casein (Sigma Chemical Co., St Louis, MO) 
was dissolved in 25 mL of aqueous 0.1 N NaOH with gentle 
heating on a hot plate for 10 min. After cooling, pH was 
adjusted to 7.0 with 0.1 N HC1. Ten mL of 1.0 M phosphate 
buffer (pH 7.0) was added and the solution brought to 100 mL 
with distilled water.
A 2.5 mL aliquot of 2 % casein solution was pipetted 
into a test tube and preincubated at 37 °C for 10 min. 
Protease solution (0.1 mL) was added to the 2 % casein
solution, and the solution incubated at 37°C for 20 min after 
which 5 mL of aqueous 0.3 M trichloroacetic acid (TCA) 
solution was added to stop the reaction. The solution was 
held for 20 min at room temperature, and then centrifuged at 
full speed for 10 min using a table top centrifuge (model HN, 
International Equipment Co., Needham Hts, MA) . One mL of
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supernatant was combined with 5 mL of aqueous 0.5 N NaOH and 
1 mL of 1.0 N Folin & Ciocalteu's phenol reagent (Sigma 
Chemical Co.), and then mixed immediately using a vortex 
mixer. The mixture was incubated at 3 0°C for 15 min and the 
absorbance measured at 578 nm using UV/vis spectrophotometer 
(Gilford Instrument Laboratories, Oberlin, OH). A blank was 
prepared by adding 5 mL of aqueous 0.3 M TCA solution to 2.5 
mL of 2 % casein solution before adding protease solution. 
One unit was defined as the amount of protease required to 
liberate the equivalent of 1 jug of L-tyrosine per 20 min 
under the assay conditions.
2.2. Enzymatic Hydrolysis of Composite CPBs for Protease 
Selection
Frozen ground composite CPBs was thawed at 4°C 
overnight. Composite CPBs plus 0.05 M boric acid-MaOH buffer 
(pH 9.0) were placed into a 100-mL jacketed reaction vessel 
(Cat. No. 991760, Wheaton, Millville, NJ) and preincubated 
for 30 min at the desired temperature. The pH was adjusted 
with 6.25 N NaOH or 6 N HC1 and final volume was adjusted to 
110 mL with distilled water. Protease was added to the 
vessel, and the mixture vigorously stirred using a magnetic 
stirrer during reaction. One mL aliquots of hydrolysate were 
removed at time intervals of 10, 20, 30, 60, 90, and 120 min 
and immediately transferred into test tubes containing 2 mL 
of 0.3 M TCA solution. These solutions were allowed to stand
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at room temperature for 20 min and filtered through Whatman 
No. 40 filter paper. A 25 aliquot of filtrate was mixed 
with 0.225 mL of distilled water, 1.25 mL of 0.5 N NaOH 
solution, and 0.25 mL of 1.0 N Folin & Ciocalteu's phenol 
reagent (Sigma Chemical Co.). The resulting solution was 
mixed immediately, incubated at 30°C for 15 min, and then 
centrifuged at 3,600 rpm for 10 min to remove turbid 
material. Supernatant absorbance was measured at 578 nm.
2.3. Estimation of Degree of Hydrolysis
The degree of hydrolysis was determined using a 
modification of the method described by Boudrant and Cheftel 
(1976). The degree of hydrolysis was defined as follows:
D' - Du  at time t  o
------------   X 100
t^max —  D 0
where the blank, D0 (amount of 0.3 M TCA soluble peptides of 
unhydrolyzed composite CPBs expressed as tyrosine) was 
prepared by adding 0.3 M TCA solution to unhydrolyzed 
composite CPBs. Dmajc corresponded to the maximum amount of
0.3 M TCA soluble peptides as tyrosine amount and was 
determined after hydrolysis of 0.1 g of composite CPBs with 
4 mL of 6N HC1 at 110°C for 24 hr. Corrected amount of 0.3 
M TCA soluble peptides, D',ttimet, was determined by
3 7
subtracting the amount of 0.3 M TCA soluble peptides of 
protease from that of hydrolyzed composite CPBs at time t.
2.4. Protease Selection
Ten proteases (Table 1) were evaluated for their ability 
to hydrolyze composite CPBs. All proteases were commercially 
available in bulk quantities and were supplied as free 
samples by the manufacturers. Table 2 shows suggested 
optimum and effective pH values, optimum temperature, 
sources, and reaction modes for proteases tested.
Protease selection was based on the method of Hale 
(1969) with some modification. Selection was based on 
activity/cost. The plot of degree of hydrolysis vs log 
protease amount had a linear relationship. From this plot, 
protease amount required to degrade composite CPBs to a 
certain degree of hydrolysis was obtained. Proteases were 
evaluated based on degree of hydrolysis per protease amount 
at 30 % digestion at 37°C or 50 % digestion at their optimal 
temperatures. Amount of each protease required for 30% and 
50 % hydrolysis was extrapolated from a plot of degree of 
hydrolysis after 60 min versus log10 protease amount. The 
plot was based on six levels of protease amount, that 
exhibited the highest efficiency for composite CPBs 
hydrolysis (i.e., highest degree of hydrolysis per cost of 
protease). This was further evaluated under optimized 
conditions.
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Alcalase 2.4L® 55-70 6.5- 8.5 n/a Bacillus lichniformis Endo
APL-440b 60 9.0-10.0 • © i h* o • o Bacillus lichniformis Endo
Proleatherb 60 10.0 n/a Bacillus subtilis Endo
Prozyme 6b 45 8.0 n/a Aspergillus oryzae Exo
Trypsin* 40 7.5 n/a Pig Endo
Neutral Protease
Bromelain* 50-60 0 •001oIf) 3.0-9.0 Pineapple Endo
HT-Proteolytic 200b 45-55 0 •001in•10 5.0-9.5 Bacillus subtilis var. Endo
Papainb 65-80 5.0-7.0 3.5-9.0 Papaya Endo
Protease 2Ab 50 7.0 n/a Aspergillus oryzae Exo
Protease Sb 70 8.0 n/a Bacillus sp. Endo
* Activity was determined using hemoglobin as substrate 
b Activity was determined using casein as substrate 
n/a : Not available
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3. Optimization of Hydrolysis Conditions
The next step was to optimize hydrolysis conditions with 
selected protease. Hydrolysis parameters such as pH, 
temperature, reaction time, substrate concentration, and 
enzyme/substrate (E/S) ratio were optimized using response 
surface methodology (Box et al., 1978).
3.1. Hydrolysis Parameters
Hydrolysis parameters such as pH, temperature, reaction 
time, substrate concentration, and enzyme/substrate (E/S) 
ratio are usually considered for optimization of protein 
hydrolysis. It should be noted that this may not necessarily 
be a particular pH, but instead may be a pH-range. Protease 
exhibiting maximum activity within the expected pH range of 
composite CPBs (pH 8-9) was considered for further 
investigation. Heat inactivation of enzyme can occur at the 
"optimum" reaction temperature, therefore, the true "optimum" 
reaction temperature was considered to be the maximum 
temperature at which the enzyme exhibits a constant activity 
over the time period required to achieve maximum degree of 
hydrolysis.
Reaction time, substrate concentration, and 
enzyme/substrate (E/S) ratio were optimized under optimal pH 
and temperature conditions. Particle size was thought to be 
an important parameter in hydrolysis of insoluble protein. 
The majority of the protein in composite CPBs was insoluble,
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therefore, it was important to reduce the composite CPBs 
particle size in order to maximize the rate of hydrolysis. 
This was accomplished by thoroughly grinding composite CPBs 
plus water in a Waring Blendor prior to hydrolysis.
3.2. Response Surface Methodology (RSM) and Experimental 
Design
Response surface methodology (RSM) was used to optimize 
hydrolysis parameters such as initial pH, temperature, 
reaction time, substrate concentration, and E/S ratio. pH 
values and temperatures were chosen based on preliminary 
experiments. Reaction times, substrate concentrations, and 
E/S ratios were chosen for practical purposes. The upper 
substrate concentration limit was based on the highest 
concentration that could be effectively mixed. Range of 
independent variables is shown in Table 3. The coded values 
were obtained by the following formula:
Z = ( X - X°)/£X
where Z is the coded value, X is the corresponding natural 
value, X° is the natural value in the center of the domain, 
and CiX is the increment of X corresponding to one unit of Z.
For each factor, five levels were given and a second 
order model was proposed. Data were analyzed by multiple 
regression to fit the following second order equation:
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Table 3. Independent variables and experimental design 











-2 7 60 0.5 15 0.1
-1 8 65 1.5 30 0.2
0 9 70 2.5 45 0.3
+1 10 75 3.5 60 0.4
+2 11 80 4.5 75 0.5
* Composite CPBs concentration
b The amount ratio of APL-440 to composite CPBs
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i-l i-1 i-lj-2
where b0/ b;, by, and by are constant and regression
coefficients of the model, and Xj are the independent 
variables in coded values. Table 4 shows the central 
composite design consisting of 36 experiments for the study 
of five experimental factors in coded units.
3.3. Statistical Analysis
Response surface equations were obtained using the RSREG 
procedure of the Statistical Analysis System (SAS Institute, 
Inc., 1985) program. Three dimensional response surface
plots and contour plots were drawn using PS-Plot (Polysoft,
Salt Lake City, UT) . Contour plots were drawn to show the
effect of two independent variables with all other factors at 
zero level.
4. Preparation of Flavor Concentrates
Composite and claw CPBs were hydrolyzed under optimal 
reaction conditions and flavor concentrates for each CPBs 
were prepared using two different evaporation methods 
(atmospheric evaporation and vacuum evaporation). A flow 
chart for the preparation of flavor concentrates is shown in 
Figure 1.
Table 4. Central composite design consisting of 3 6 
experiments for the study of five experimental factors 
in coded units








1 -1 -1 -1
2 1 -1 -1 -1 1
3 -1 1 -1 -1 1
4 1 1 -1 -1 -1
5 -1 -1 1 -1 1
6 1 -1 1 -1 -1
7 -1 1 1 -1 -1
8 1 1 1 -1 1
9 -1 -1 -1 1 1
10 1 -1 -1 1 -1
11 -1 1 -1 1 -1
12 1 1 -1 1 1
13 -1 -1 1 1 -1
14 1 -1 1 1 1
15 -1 1 1 1 1
16 1 1 1 1 -1
17 -2 0 0 0 0
18 2 0 0 0 0
19 0 -2 0 0 0
20 0 2 0 0 0
21 0 0 -2 0 0
22 0 0 2 0 0
23 0 0 0 -2 0
24 0 0 0 2 0
25 0 0 0 0 -2
26 0 0 0 0 2
27 0 0 0 0 0
28 0 0 0 0 0
29 0 0 0 0 0
30 0 0 0 0 0
31 0 0 0 0 0
32 0 0 0 0 0
33 0 0 0 0 0
34 0 0 0 0 0
35 0 0 0 0 0
36 0 0 0 0 0
a Composite CPBs concentration









Composite CPBs or 
Claw CPBs
APL-440, 65°C, 0.3% E/S 






Figure 1. Flow chart for preparation of flavor concentrates.
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4.1. Preparation of Composite CPBs and Claw CPBs from Live 
Crawfish
After being washed in tap water, live crawfish were 
boiled for 7 min at 100°C (Marshall et al., 1987). After 
removal of tailmeat by hand, composite and claw CPBs were 
collected separately. Each CPBs was ground with addition of 
distilled water to make a final concentrations of 75 %
(composite CPBs) and 60 % (claw CPBs). These were the
highest concentrations that could be effectively mixed. The 
ground CPBs were vacuum-packaged in polyethylene bags (Koch 
Supplies, Inc., Kansas City, MO), and then stored at -20°C.
4.2. Enzymatic Hydrolysis of Composite CPBs and Claw CPBs
After thawing at 4°C overnight, one kg of CPBs was
placed into a 1-L jacketed reaction vessel (Cat. No. 991780, 
Wheaton, Millville, NJ) . Stirrer was attached to thoroughly 
mix CPBs during reaction. Reaction was performed under 
optimum reaction conditions (APL-44 0 at 65°C, 0.3 % E/S
ratio, and 2.5 hr) . The pH was not adjusted because intrinsic 
pHs of both CPBs were in the optimum range (pH 8-9) . A 
control was run under the same conditions except for absence 
of APL-440. Each hydrolysis was performed in duplicate.
4.3. Aqueous Extraction of Flavor Compounds
After hydrolysis, aqueous extraction using boiling water 
was carried out. This is the most common method for
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obtaining seafood extracts (Ochi, 1980). Flavor compounds 
were extracted in a closed system consisting of a water- 
cooled condenser attached to a 5-L round bottom flask. A 
heating mantle was used to heat the flask. As soon as the 
hydrolysis was completed, CPBs hydrolysate was put into the 
flask containing boiling water (1 L) to inactivate protease, 
and an additional 1 L of distilled water was added to the 
flask. Extraction was carried out for 2 hr after returning 
to boil. For control, APL-440 was added to boiling water 20 
min before CPBs hydrolysate was placed into the flask, and 
the extraction procedure was similar to that described 
previously.
4.4. Filtration of Extracts
Filtration was performed using two consecutive steps 
after cooling the aqueous extract in the walk-in cooler 
(4°C): 1) cheese cloth (2-layers) and 2) filter paper
(Whatman #41).
4.5. Atmospheric Evaporation and Vacuum Evaporation
Filtrates were concentrated to ca. 25-30°Brix using two 
evaporation methods, atmospheric evaporation and vacuum 
evaporation. For atmospheric evaporation, an externally 
heated stainless steel container was used to concentrate the 
filtrate. Vacuum evaporation was performed at 60°C using a 
Rotavapor (Biichi, Switzerland) . It took approximately 1 hr
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(atmospheric evaporation) and 6 hr (vacuum evaporation) to 
concentrate to 25-30°Brix. °Brix was measured using a hand 
refractometer (Cambridge Instruments Inc, Buffalo, NY).
5. Analysis of Volatile Flavor Compounds
Volatile flavor compounds from concentrates were 
extracted under vacuum using a modified simultaneous steam 
distillation/ solvent extraction (SDE) apparatus. Both 
concentrates for each CPBs were compared with the 
unconcentrated hydrolysate with respect to the volatile 
flavor compounds. Volatiles of CPBs hydrolyzed by APL-440 
were compared with those of unhydrolyzed CPBs.
5.1. Modification of Simultaneous Steam Distillation/ 
Solvent Extraction (SDE) Apparatus
The SDE apparatus was modified to perform under vacuum 
(ca 30 in. Hg; b.p. 60-65°C) in order to minimize artifact 
formation during extraction. The standard SDE apparatus 
(Cat. No. K—52 3 0101-0000, Kontes, Vineland, NJ) was modified 
as follows: 1) standard valve at U-joint was replaced with a 
vacuum valve, 2) a liquid nitrogen cold trap was attached 
between the SDE apparatus and vacuum pump to prevent the 
solvent from entering the pump; 3) caps and o-rings were 
attached to ground joints to minimize possible leaks and 
vacuum loss; 4) a valve was installed between the apparatus 
and the vacuum pump to prevent back-flush of vacuum oil or
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other contaminants during breakage of the vacuum; and 5) the 
sample flask consisted of 4-L., 3-neck round bottom flask; 
one neck for vacuum release valve and one for thermometer.
5.2. Vacuum Simultaneous Steam Distillation/Solvent 
Extraction (SDE)
Each concentrate was placed into a 5-L round bottom 
flask and brought up to a total volume of 2 L with distilled 
water. Glass beads and 45.4 /xg of 2,4,6-trimethylpyridine 
(TMP) as the internal standard were added to the flask. 
Extraction was carried out for 4 hr using 100 mL of 
redistilled dichloromethane as solvent. Air was evacuated 
for 30 min prior to heating of the sample flask. SDE 
extracts were kept at -20°C overnight to facilitate water 
removal. The volume of SDE extract was reduced to ca. 10 mL 
under a gentle stream of nitrogen, dried over 3 g of 
anhydrous sodium sulfate, and then further reduced to 100 /xL 
prior to analysis.
5.3. Gas Chromatography/Hass Spectrometry (GC/MS)
A Hewlett-Packard (Palo Alto, CA) GC/mass selective 
detector (HP5790 GC/5970B MSD) was used for analysis of SDE 
extracts. A 5 /xL aliquot of each SDE extract was injected in 
the splitless mode. Volatile components were separated using 
a fused silica capillary column (Supelcowax 10, 60 m x 0.25 
mm i.d. x 0.25 /xm film thickness; Supelco, Inc., Bellefonte,
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PA). The linear velocity of the helium carrier gas was 25 
cm/sec. The oven temperature program was as follows: 40°C to 
175°C at 2°C/min with initial and final hold times of 5 and 3 0 
min, respectively; after which the oven temperature was 
further increased to 195°C at 5°C/min and held for 25 min. 
Injector temperature was 200°C. MSD conditions were as 
follows: electron ionization voltage, 70 eV; mass range, 33- 
300 a.m.u.; electron multiplier voltage, 1800 V; capillary 
direct interface temperature, 195°C; ion source temperature, 
200°C. Duplicate analyses were performed on each SDE 
extract.
5.4. Compound Identification
Compound identifications were based on comparison of 
retention indices (RI) (van den Dool and Kratz, 1963) and 
mass spectra of -unknowns with those of authentic standard 
compounds. Tentative identifications were based on matching 
mass spectra of unknowns with those in the Wiley/NBS mass 
spectral database (Hewlett-Packard Co., 1988).
5.5. Peak Areas of Co-Eluting Compounds and Compounds in 
Low Abundance
The peak areas of co-eluting compounds and compounds in 
low abundance were calculated by mass chromatography (Hites 
and Biemann, 1970). The characteristic m/e and total ion peak
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area/mass ion peak area used for calculation of peak areas 
are shown in Table 5.
5.6. Quantification of Compounds
Positively identified compounds were quantified using 
calibration curves of amount ratios (compound/internal 
standard) vs peak area ratios (compound/internal standard) 
under identical experiment conditions. The concentration of 
a compound in the sample was calculated as follows:
Amount Ratio x 45,400 ng of TMP
Cone (ppb) = ------------------------------
750 g(or 600 g)
Table 6 shows the calibration equations used for 
quantification of compounds. These were based on three 
levels of amount ratios.
5.7. Statistical Analysis
Randomized block design (RBD) with 2x3 factorial 
arrangement was used, with each replication considered as a 
block. Statistical analysis of data was conducted using the 
General Linear Model (GLM) procedure of the SAS Institute, 
Inc. (1985). Least-square means for each volatile compounds 
were calculated and tested by least significant difference 
method.
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2-Ethy1-6-methylpyra z ine 121 3.46
Table 5 - (Continued)
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2-Ethyl-5-methylpyraz ine 121 3.48
Tr imethylpyrazine 122 4.97
2-Ethyl-2, 6-dimethylpyrazine 135 4.32
2-Ethyl-2,5-dimethylpyrazine 135 4.66
Tetramethylpyraz ine 136 5.05
Miscellaneous
Dimethyl disulfide 94 4.22
Pyridine 79 3.68
2-Ethylpyridine 106 3.48










2,3-Butanedione X* = y » 1.40
(E)-2-Butenal X —y 0.672,3-Pentanedione X =y 0.67Dimethyl disulfide X =y 0.78Hexanal X =y 0.73(E)-2-Methyl-2-butenal X =y 0.50(E)-3-Penten-2-one X =y 1.32l-Penten-3-ol X =y 1.00Pyridine X =y 1.122-Heptanone X =y 1.36Heptanal X =y 0.95pyrazine X =y 0.41(Z)-4-Heptenal X =y 0.80Methylpyraz ine X =y 0.702-0ctanone X =y 1.84(Z)-2-Penten-l-ol X =y 0.412,5-Dimethylpyrazine X =y 0.662,6-Dimethylpyrazine X =y 1.12Ethylpyraz ine X =y 0.762,3-Dimethylpyrazine X =y 0.72Dimethyl trisulfide X =y 1.052-Ethy1-6-methylpyraz ine X =y 0.872-Ethy1-5-methylpyraz ine X =y 0. 942-Nonanone X =y 1.57Tr imethylpyra z ine X =y 0.92(E,E)-2,4-Hexadienal X =y 0.74(E)-2-Hexen-l-ol X =y 0.692-Cyclohexen-l-one X =y 1.202-Ethyl-3,6-dimethylpyrazine X =y 1.10l-0cten-3-ol X =y 2.232-Ethyl-3,5-dimethylpyrazine X =y 1.152-Furancarboxaldehyde X =y 0.78Tetramethylpyraz ine X =y 0.772-Ethyl-l-hexanol X =y 3.08(E,E)-2,4-Heptadienal X =y 1.50lH-Pyrrole X =y 0.71Benzaldehyde X =y 1. 30(E,Z)-2,6-Nonadienal X =y 1.572-Acetylthiazole X =y 0.70a-Terpineol X =y 0. 99(E,E)-2,4-Decadienal X =y 1.476--Ionone X =y 1.31Phenol X =y 0. 69
* Amount ratio (fig compound//xg of TMP) 
b Peak area of compound/peak area of TMP
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6. Chromatography-Coupled Aroma Perception Analysis
Sensory properties of individual volatile compounds in 
SDE extracts of flavor concentrates was evaluated by sniffing 
the GC effluent. Three analysts familiar with the aroma of 
fresh crawfish were used for each evaluation. Prior to 
sniffing, each extract was diluted to possess the same 
intensity of the internal standard peak. To achieve more 
timely and accurate correlations between spectral data and 
sniffing port responses, a sniffing port was installed in an 
HP 5790 GC equipped with a flame ionization detector (FID) 
and connected to an HP 5970B mass selective detector (MSD), 
allowing simultaneous spectral scanning and sniffing of GC 
effluents. Five of extract was injected into dual
(closely matched) fused silica open tubular (FSOT) columns 
(Supelcowax 10, 60 m x 0.32 mm i.d. x 0.25 jum film thickness; 
Supelco, Inc., Bellefonte, PA). Injector effluent, after 
passing through a FSOT precolumn (1 m length x 0.25 mm i.d.) , 
was split 1:1 to each column using a glass Y-splitter. 
Column 1 was connected to the MSD, while the end of the 
column 2 was split 1:1 to an FID and sniffing port supplied 
with humidified air. FID and sniffing port transfer line 
temperatures were 250 and 200°C, respectively. It was 
necessary to partially restrict the flow between column 1 and 
MSD (using ca. 1 m length x 0.1 mm i.d. FSOT column) in order 
to achieve the same linear velocity for both columns. The 
linear velocity of the helium carrier gas was 25 cm/sec.
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Oven temperature was programmed from 40°C to 200°C at a rate 
of 6°C/min with initial and final hold time of 5 and 30 min. 
Injector temperature was 200°C.
7. Pilot-Scale Hydrolysis of Composite CPBs
Pilot-scale hydrolysis of composite CPBs was performed 
to demonstrate practical application under optimal conditions 
obtained from laboratory scale experiments.
7.1. Hydrolysis of Composite CPBs
Hydrolysis was carried out in a 5 gal reaction kettle 
for pilot scale hydrolysis. Seventy-five percent of 
composite CPBs (7.5 kg of CPBs plus 2.5 kg of distilled 
water) was placed in a 5 gal scraped surface steam-jacketed 
reaction kettle, and then preheated to 60-65°C. The pH was 
not adjusted further because the intrinsic pH was 8.69. 
Twenty-three mL of APL-440 (E/S : 0.3 %) was added to the 
reaction kettle. Composite CPBs were hydrolysed for 2.5 hr 
at 60-65°C and under constant stirring. APL-440 was 
inactivated by heating at 95-100°C for 20 min. A progress 
curve was prepared to estimate degree of hydrolysis during 
hydrolysis using procedures described above. Control was 
carried out under the same conditions except for the addition 
of heat-denatured APL-440 (20 min at 100°C). Insoluble
material was separated from the hydrolysate by filtration
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through two layers of cheese cloth followed by Whatman No. 40 
filter paper.
7.2. Analysis of Volatile Compounds
Volatile compounds of hydrolysate and control were 
analyzed by vacuum SDE/GC/MS as previously described. 
Identification and quantification of compounds were carried 
out as mentioned previously.
CHAPTER IV
RESULTS AND DISCUSSIONS
1. Characterization of Enzymatic Hydrolysis of Composite 
Crawfish Processing By-Products (CPBs)
l.l. Progress Curves for Enzymatic Hydrolysis of CPBs
Reaction progress curves for enzymatic hydrolysis of 
composite crawfish processing by-product (CPBs) with various 
amounts of APL-440 and without APL-440 are shown in Figure 2. 
This type of progress curve was typical, exhibiting a fast 
reaction rate followed by a slowing of reaction. Similar 
progress curve shapes have been reported for the enzymatic 
hydrolysis of fish protein (Archer et al. , 1973), soy protein 
(Constantinides and Adu-Amankwa, 1980; Adler-Nissen, 1979), 
lean beef tissue (O'Meara and Munro, 1984a,b, 1985), and 
casein (Mannheim and Cheryan, 1990). The other nine 
proteases tested showed the same trend.
There are many possible explanations for this type of 
progress curve. Adler-Nissen (1986) concluded that the shape 
of a progress curve could be explained as a result of 
substrate competition (a kind of product inhibition) between 
the original substrate and peptides produced during 
hydrolysis. O'Meara and Munro (1984b) explained that this 
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Figure 2. Reaction progress curves for enzymatic 
hydrolysis of composite crawfish processing by-products 
(CPBs). Reaction conditions: APL-440, pH 9.0, 37°C, 33.3% 
of CPBs (on a wet basis).
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susceptible peptide bonds during the initial stage and slow 
cleavage of the less susceptible bonds at the later stage. 
In the case of enzymatic hydrolysis of an insoluble 
substrate, Archer et al. (1973) suggested that enzymes 
adsorbed onto an insoluble protein particle in a fast 
reaction, degraded polypeptide chains that were loosely bound 
to the surface, and acted on the more compact core protein 
more slowly. In the enzymatic hydrolysis of CPBs, downward 
curvature of the progress curves may be explained by the 
combination of these phenomena because CPBs contain both 
soluble and insoluble proteins.
No hydrolysis took place when CPBs were incubated 
without APL-440, indicating lack of remaining proteolytic 
activity in CPBs. This was confirmed by the absence of 
detectible proteolytic activity in CPBs. Kim et al. (1992, 
1994a) purified trypsin-like enzymes from the hepatopancreas 
of crawfish. This enzyme is believed to lead to the 
development of mushiness in crawfish tailmeat (Marshall et 
al., 1987) . However, it has been reported that blanching for 
7 min in boiling water was sufficient for inactivation of the 
hepatopancreatic proteases (Marshall et al., 1987). In a 
commercial crawfish processing plant, heat treatment is 
employed to facilitate peeling of crawfish for tailmeat 
recovery, and to prevent enzymatic softening of tailmeat 
texture.
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1.2. Effect of the Amount of APL-440 on Degree of 
Hydrolysis
As shown in Figure 3, there was no linear relationship 
between the amount of APL-440 and degree of hydrolysis. The 
shape of the curve for degree of hydrolysis versus the amount 
of APL-440 was similar to that of reaction progress curves 
(Figure 2) . At low amount of APL-440 the degree of 
hydrolysis increased rapidly with increased amounts of APL- 
440, indicating that highly susceptible peptide bonds were 
degraded. At high APL-440 amount degree of hydrolysis 
increased slightly because most of the APL-440 was acting on 
the less susceptible peptide bonds. This feature has been 
reported for the enzymatic hydrolysis of lean beef tissue 
(O'Meara and Munro, 1984b, 1985) and soy protein
(Constantinides and Adu-Amankwa, 1980).
Comparison of enzyme activity should be made in the 
linear regions of initial velocity vs enzyme amount (Segel, 
1976). Non-linearity of the amount of protease vs degree of 
hydrolysis indicates that enzyme selection based on yield 
achieved with the same amount of enzyme (Rebeca et al., 1991; 
O'Meara and Munro, 1984a) is unreasonable. Even though 
achieving the highest degree of hydrolysis possible has some 
advantage, economic considerations should be made in that a 
large increment of enzyme should not be sacrificed for a 
small increase in degree of hydrolysis. Hale (1969) selected 
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Figure 3. Effect of the amount of APL-440 on enzymatic
hydrolysis of CPBs. Reaction conditions: pH 9.0, 37°C,
33.3% of CPBs (on a wet basis), 1 hr reaction time.
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certain degree of hydrolysis instead of on the highest degree 
of hydrolysis.
1.3. Effect of Stirring on Enzymatic Hydrolysis of CPBs
Crawfish were exposed to heat for ease of peeling and 
inactivation of hepatopancreatic proteases (Marshall et al. 
1987). During heat treatment, labile proteins might be 
denatured and made insoluble. Obviously, CPBs contain 
denatured and insoluble proteins. Although, unfolding of 
peptide chains induced by heating makes it easy for proteases 
to degrade protein, it is difficult to hydrolyze irreversibly 
denatured and insoluble proteins (Adler-Nissen, 1986). For 
hydrolysis of an insoluble substrate, the enzyme should be 
adsorbed onto the insoluble substrate (McLaren and Packer, 
1970; Archer et al., 1973). Also, the rate of hydrolysis is 
influenced by diffusion of enzymes and degraded fragments 
(Suga et al. 1975) . Therefore, it is important to control 
diffusion during enzymatic hydrolysis of protein. Figure 4 
shows the effect of stirring on enzymatic hydrolysis of CPBs. 
Degree of hydrolysis in a well-stirred system was much higher 
than in the non-st irred system. This shows that it is 
necessary to maintain agitation during hydrolysis. Adler- 
Nissen (1986) mentioned that diffusion may be of minor 
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Figure 4. Effect of stirring on enzymatic hydrolysis of
CPBs. Reaction conditions: 30 /zL of Alcalase 2.4L, pH 9.0,
37°C, 33.3% of CPBs (on a wet basis).
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1.4. Effect of Washing on Enzymatic Hydrolysis of CPBs 
Product inhibition is a well known phenomenon during 
enzymatic hydrolysis of protein (Adler-Nissen, 1986; 
Constantinides and Adu-Amankwa, 1980) . It was assumed that 
removal of low molecular weight peptides or free amino acids 
by washing may increase proteolysis since CPBs contains a 
large amount of peptides and free amino acids (No and Meyers, 
1989a). Figure 5 shows the effect of washing on degree of 
hydrolysis of CPBs. Degree of hydrolysis decreased by 
washing, indicating that washing did not increase degree of 
hydrolysis. Decrease of degree of hydrolysis is thought to 
be due to loss of soluble protein by washing because overall 
hydrolysis is the result of simultaneous hydrolysis of both 
soluble and insoluble protein.
2. Selection of Protease for Enzymatic Hydrolysis of CPBs
Researchers have used many different enzyme selection 
procedures for enzymatic hydrolysis of protein (Hale, 1969; 
Cheftel et al, 1971; Arzu et al, 1972; O'Meara and Munro, 
1984a; Rebeca et al, 1991). O'Meara and Munro (1984a) stated 
a rational procedure for selection of a suitable protease. 
However, there is no standard method for selecting an enzyme 
for enzymatic hydrolysis of protein. As mentioned earlier, 
non-linearity of the amount of protease vs degree of 
hydrolysis (Figure 3) makes it difficult to select an enzyme 
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Figure 5. Effect of washing on enzymatic hydrolysis of
CPBs. Reaction conditions: 1 mL of Alcalase 2.4L, pH 9.0,
37°C, 33.3% of CPBs (on a wet basis).
6 7
enzyme. Hale (1969) selected a protease based on enzyme 
concentration required to reach a certain degree of 
hydrolysis. In this study, enzyme selection was based on the 
method of Hale (1969) with some modification.
The intrinsic pH of CPBs was generally between 8.0 and 
9.0 (Chen and Meyers, 1982a). Since it is more desirable to 
conduct CPBs hydrolysis without pH adjustment, only neutral 
and alkaline proteases were evaluated for selection.
2.1. Determination of Protease Activity using Casein as 
Substrate
Protease activities were measured using casein as a 
substrate at pH 7 and 9 to compare units of proteases tested 
(Table 7) . It is difficult to make a direct comparison 
between different proteases from their declared activities 
since manufacturers of commercial proteases use different 
enzyme assay methods, reaction conditions, substrates, and 
unit definitions. To compare protease activity, the assay 
should be carried out under the same defined conditions. 
Among alkaline proteases tested, trypsin had the highest 
activity at both pH 7 and pH 9, followed by Prozyme 6. Of 
five neutral proteases, papain and protease 2A showed the 
highest activity at pH 7 and pH 9, respectively.
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Table 7. Protease activities using casein as substrate
Protease
Activity (Unit/g)
pH 7 pH 9
Alkaline
Trypsin 7.78x10s 2. 37x106
Prozyme 6 6.32x10s 6.13x10s





Protease 2A 2.24x10s 2.13x10s
Bromelain 1.60x10s 5.41x10“
Protease S 1.08x10s 6.54x10“
HT-Proteolytic 200 5.35X104 2.46x10“
Unit/mL
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2.2. Primary Selection of Protease at 37°c
To select suitable protease(s) for enzymatic hydrolysis 
of CPBs, the enzymes should be evaluated using CPBs as 
substrate. Even though neutral proteases showed higher 
activities at neutral pH, all proteases were tested at pH 9.0 
because the intrinsic pH of CPBs was near 9.0, and the 
addition of additives, such as acids or bases, would be 
undesirable in an industrial setting. Since optimum 
temperatures suggested by manufacturers were based on casein 
or hemoglobin, suggested optimum temperatures would not
necessarily be applicable to CPBs directly. According to
several different enzyme selection procedures, some 
researchers used fixed temperatures (37°C, 45°C or 50°C) for 
evaluation while other researchers used suggested optimum 
temperatures, which were obtained on different substrates 
(O'Meara and Munro, 1984a; Criswell et al, 1964). In the 
present study, a mild temperature (37°C) was chosen for
primary selection, at which all proteases would have 
sufficient activities without heat inactivation, because it 
is unrealistic to obtain each protease's optimum temperature 
using CPBs as substrate.
Plots of degree of hydrolysis vs log (amount of
protease) for all proteases except papain and bromelain 
showed linear relationships (Figures 6 and 7). Hale (1969) 
measured the relative activities of 2 0 commercially available 
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Figure 6. A plot of degree of hydrolysis versus log 
(amount of protease) for alkaline proteases. Reaction 
conditions: pH 9.0, 37°C, 33.3% of CPBs (on a wet basis), 
1 hr reaction time.
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Figure 7. A plot of degree of hydrolysis versus log 
(amount of protease) for neutral proteases. Reaction 
conditions: pH 9.0, 37°C, 33.3% of CPBs (on a wet basis), 
1 hr reaction time.
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a plot of solubilization versus enzyme concentration on a 
logarithmic scale was linear. Papain and bromelain instead 
showed linear relationships for log-log plots of degree of 
hydrolysis vs protease amount (Figure 8) . This difference may 
be due to substrate specificity. Table 8 contains regression 
equations and correlation coefficients for degree of 
hydrolysis at 60 min vs protease amount obtained from Figures 
6-8. Regression equations showed good correlations between 
both degree of hydrolysis and Log (protease amount) (R2' s 
were in the range of 0.9547 for Alcalase 2.4L and 0.9982 for 
Proleather) and between Log (degree of hydrolysis) and Log 
(protease amount) (R2,s were 0.9973 for papain and 0.9974 for 
bromelain). Amount of protease required to digest 30% of 
CPBs in 60 min was calculated using these regression 
equations. Protease activity was expressed as the inverse of 
this amount. Finally, protease was selected on the basis of 
price. Table 9 showed the results of primary selection 
performed at 37°C. All alkaline proteases showed higher 
activities than did neutral proteases. Alcalase 2.4L, 
Prozyme 6, and trypsin showed higher activity among five 
alkaline proteases. However, trypsin was excluded from 
further consideration because of its high price resulting in 
low activity/cost (Table 9). On the basis of activity per 
cost, Alcalase 2.4L, Prozyme 6, and APL-440 showed the 
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Figure 8. A plot of log (degree of hydrolysis) versus log 
(amount of protease) for bromelain and papain. Reaction 
conditions: pH 9.0, 37°C, 33.3% of CPBs (on a wet basis), 
1 hr reaction time.
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Table 8. Regression equations and correlation coefficients 




Alcalase 2.4L Y4= 7.57 + 11.50 LogXb 0.9547
APL-440 Y = -1.79 + 12.90 LogX 0.9806
Proleather Y = -14.29 + 18.22 LogX 0.9982
Prozyme 6 Y = 5.02 + 16.39 LogX 0.9960
Trypsin Y = 8.31 + 13.04 LogX 0.9676
Neutral
Bromelain LogY = -0.0057 + 0.37 LogX 0.9974
HT-proteolytic 200 Y = -18.71 + 16.56 LogX 0.9927
Papain LogY = 0.0663 + 0.43 LogX 0.9973
Protease 2A Y = -1.87 + 12.87 LogX 0.9971
Protease S Y = 0.805 + 7.07 LogX 0.9576
Correlation coefficient 
4 Degree of hydrolysis (%) 
b Protease amount (mg)
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Table 9. Evaluation of ten commercial proteases for the 
hydrolysis of CPBs
Proteases Amount Activity* Costb Activity/Cost
(mg)
Alkaline
Alcalase 2.4L* 89 112.4 1.9 59.2
Prozyme 6 33 303.0 8.3 36.5
APL-440* 292 34.2 1.0 34.2
Proleather 270 37.0 5.0 7.4
Trypsin 46 217.4 2024.9 0.1
Neutral
HT-proteolytic 200 874 11.4 2.2 5.2
Protease 2A 299 33.4 6.8 4.9
Papain 2 038 4.9 3.7 1.3
Bromelain 10481 1.0 1.0 1.0
Protease S 13512 0.7 8.3 0.1
* The amount of protease required for 30 % hydrolysis at 37°C 
and 60 min 
bInverse of the amount x 10,000
c Least expensive protease was given a value of 1.0 
Protease amount (juL)
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considered for further evaluation at their optimum 
temperatures.
2.3. Optimum Temperatures for Selected Proteases 
Figure 9 shows the optimum temperatures for Prozyme 6,
Alcalase 2.4L, and APL-440 using CPBs as substrate. Optimum 
temperatures for Prozyme 6, Alcalase 2.4L, and APL-440 were 
40°C, 70°C, and 70°C, respectively. Optimum temperatures 
suggested by the manufacturers for Prozyme 6, Alcalase 2.4L, 
and APL-440 were 45°C, 55-70°C, and 60°C, respectively, when 
casein or denatured hemoglobin was used as substrate (Table 
2) . Optimum temperature of proteases may vary with different 
substrates (Olson and Adler-Nissen, 1979; O'Meara and Munro, 
1984b).
2.4. Evaluation of Protease at Their Optimum Temperatures
As shown in Figure 10, a plot of degree of hydrolysis vs 
Log (protease amount) showed a linear relationship at each 
enzyme's optimum temperature. Table 10 lists the activities 
and activity/cost of three proteases at their optimum 
temperatures. Calculations were based on the amount of each 
protease required for 50% hydrolysis. APL-44 0 and Alcalase 
2.4L showed almost the same activity at 70°C; however, APL- 
440 showed slightly higher efficiency (activity/cost) than 
Alcalase 2.4L. Prozyme 6 showed the lowest activity and 
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Figure 9. Optimum temperatures for Alcalase 2.4L, APL-440, 
and Prozyme 6 using CPBs as substrate. Reaction 
conditions: pH 9.0, 100 jliL of APL-440, 120 /iL of Alcalase 
2.4L, 10 mg of Prozyme 6, 50 % of CPBs (on a wet basis), 
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Figure 10. A plot of degree of hydrolysis versus log 
(amount of protease) for APL-440, Alcalase 2.4L, and 
Prozyme 6 at their optimum temperatures. Reaction 
conditions: pH 9.0, 60% of CPBs (on a wet basis), 70°C for 
APL-440 and Alcalase 2.4L, 40°C for Prozyme 6, 1 hr
reaction time.
Table 10. Evaluation of three commercial proteases for 




APL-440* 140 71.4 1.0 71.4
Alcalase 2.4L* 143 69.9 1.9 36.8
Prozyme 6 555 18.0 8.3 2.2
* The amount of protease required for 50 % hydrolysis at 
optimum temperature (70°C for APL-440 and Alcalase 2.4L 
40°C for Prozyme 6) and 60 min 
b Inverse of the amount x 10,000
c Least expensive protease was given a value of 1.0 
Protease amount (/zL)
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Furthermore, selection of thermophilic proteases such as APL- 
440 and Alcalase 2.4L for hydrolysis of CPBs is advantageous 
for industrial use because pasteurization occurs at high 
temperature. Based on efficiency (activity/cost), APL-440 
was selected as a suitable protease for enzymatic hydrolysis 
of CPBs.
3. optimization of Hydrolysis Conditions
Response surface methodology (RSM) was used to optimize 
the hydrolysis of CPBs using APL-440. This statistical 
approach has been used widely in sensory evaluation, 
formulation of food products, and optimization of enzymatic 
processes (Henika, 1982; Guzm^n-Maldonado et al., 1993; 
Shelke et al., 1990).
3.1. Response Surface Methodology for APL-440
Five independent variables, i.e., pH, temperature (T), 
reaction time (t), substrate concentration ([S]), and 
enzyme/substrate ratio (E/S) were considered as hydrolysis 
parameters to be optimized. Experimental design consisted of 
36 experiments. Natural units for coded units are shown in 
Table 3. These levels were established based on preliminary 
experiments and prior information. Amount of 0.3 M TCA 
soluble peptides (TSP) and degree of hydrolysis (DH) were 
measured as dependent variables. Although amount of TSP is 
closely related to DH, amount of TSP was chosen as one of the
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dependent variables because it represents real hydrolysate 
(short chain peptides or amino acids) produced by enzymatic 
hydrolysis. High DH does not necessarily mean a high amount 
of hydrolysate, since high amount of hydrolysate can be 
produced with high substrate concentration even at low DH.
3.2. Statistical Analysis
Table 11 shows responses of two dependent variables to 
the hydrolysis conditions for APL-440. Estimated regression 
coefficients for each dependent variable were obtained from 
these responses by multiple linear regression (Table 12) . 
For amount of TSP, regression coefficients showed that pH, 
temperature (T), substrate concentration (S), and 
enzyme/substrate ratio (E/S) had a linear effect, and pH and 
temperature had a quadratic effect. Interactions on amount of 
TSP were observed between pH and T (p<0.001), T and S 
(p<0.10), and reaction time (t) and E/S (p<0.10). The 
largest value of estimated regression coefficient for 
substrate concentration (b4=0.54) indicates that it is the 
most important linear variable influencing amount of TSP. 
The positive value implies that amount of TSP increases with 
increasing substrate concentration. Temperature was the 
second most important linear variable (b2=-0.34). The net 
effect of the linear and quadratic terms of pH and 
temperature suggests that amount of TSP increases until 
either pH or temperature reaches an optimum point, then the
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Table 11. Responses of dependent variables to the hydrolysis 
conditions for APL-440
Independent variables Dependent variables
Amount of 0.3 M Degree of 
Run TCA soluble peptides hydrolysis
no. PH T t [S] E/S (mg) (%)
1 -1 -1 — 3_ -1 -1 1.40 61.0
2 1 -1 -1 -1 1 1.48 65.1
3 -1 1 -1 -1 1 1.12 45.9
4 1 1 -1 -1 -1 0.39 8.7
5 -1 -1 1 -1 1 1.48 64.9
6 1 -1 1 -1 -1 1.29 55. 6
7 -1 1 1 -1 -1 1.12 45.9
8 1 1 1 -1 1 0.43 9.9
9 -1 -1 -1 1 1 2.37 51.1
10 1 -1 -1 1 -1 2.35 50.5
11 -1 1 -1 1 -1 1.86 37.7
12 1 1 -1 1 1 1.22 19.8
13 -1 -1 1 1 -1 2.58 55.8
14 1 -1 1 1 1 2.87 63.3
15 -1 1 1 1 1 2.50 53.4
16 1 1 1 1 -1 0.72 6.4
17 -2 0 0 0 0 1.91 54.4
18 2 0 0 0 0 0.62 8.9
19 0 -2 0 0 0 1.96 56.2
20 0 2 0 0 0 1.13 26.5
21 0 0 -2 0 0 1.98 57.4
22 0 0 2 0 0 2.09 61.2
23 0 0 0 -2 0 0.69 59.5
24 0 0 0 2 0 3.27 56.6
25 0 0 0 0 -2 1.96 56.3
26 0 0 0 0 2 2 .12 61.9
27 0 0 0 0 0 2 .16 63.0
28 0 0 0 0 0 2.13 61.9
29 0 0 0 0 0 2.10 60.7
30 0 0 0 0 0 2 .11 61. 6
31 0 0 0 0 0 2.15 62.8
32 0 0 0 0 0 2 . 09 60.5
33 0 0 0 0 0 2.06 60. 0
34 0 0 0 0 0 2.09 60.9
35 0 0 0 0 0 2.26 66.5
36 0 0 0 0 0 2.13 62.3
Table 12. Model coefficients* estimated by multiple 
linear regression for APL-440
Coefficients
Amount of 0.3 M Degree of










pH2 -0.23**’ -8.16***rji2 -0.16*’* -5.74“*
t2 -0.04 -1.25
s 2 -0.06 -1.56
(E/S)2 -0.04 -1.30
Interactions
pH x T -0.25*** _ _  . -8.74
pH x t -0.07 -2.08
pH x S -0.04 -1.28
pH x E/S 0.05 1.38
T x t -0.03 -0.52
T X S -0.08* 2.05
T X E/S 0.04 0.55
t X S 0. 06 1.51
t X E/S 0.09’ 0.24
S X E/S 0.07 1.41
R2 0.9696 0.9606
F 23 .94 18.27
Probability > F 0.000 0.000
* Model on which XI = pH, X2 = Temperature (T), X3 = Reaction time (t), X4 = Substrate concentration (S), X5 = The ratio of APL-440 to substrate (E/S) is
Y=b0 + i b ixi + £ biix2i + It flbiixix1 (i<j)
i= 1 i=l i-lj'=2
Significant at 0.001 level Significant at 0.05 level Significant at 0.10 level
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amount of TSP decreases as pH or temperature further 
increase. The best explanatory model equation for amount of 
TSP is as follows:
Y = 2.14 - 0.26 XI -0.34 X2 + 0.54 X4 + 0.09 X5 - 0.23
X1*X1 -0.16 X2*X2 - 0.25 X1*X2 - 0.08 X2*X4 +0.09
X3*X5
T, pH, and E/S had a linear effect on DH, and pH and T 
had a quadratic effect. Interaction effect was significant 
between pH and T (p<0.001). Temperature was the most 
important linear variable affecting DH and had the highest 
regression coefficient (b2=-12.46) , followed by pH (b2=-9.48). 
The best explanatory model equation for DH is as follows:
Y = 62.40 - 9.48 XI - 12.46 X2 + 2.62 X5 - 8.16
X1*X1 - 5.74 X2*X2 - 8.74 X1*X2
The model adequacy for each equation was tested by the 
coefficient of determination (R2) and lack of fit. The model 
for amount of TSP (R2 = 0.9696) indicates that only 3 % of 
the total variation is not explained by the model. The 
coefficient of determination for DH was 0.9606, indicating 
that only 4% of the total variation is not explained by the 
model. These models were considered adequate with 
satisfactory R2 values (> 0.85) and significant F values
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(probability of F<1%) . Lack of fit was significant, which 
means the order of regression equation is not secondary. Even 
though the test of lack of fit was significant, high R2
values indicated that the model was adequate (P < 0.0001).
3.3. 3D Response Surface and Contour Plots
Three dimensional response surface plots of the amount 
of TSP as a function of two different independent variables 
are shown in Figures 11-14. Contour plots are also shown in 
Figures 15-18. Response surfaces and contours were plotted 
for two independent variables with the other three 
independent variables fixed at 0 coded levels. These plots 
were generated by model equations described above.
Evaluation of the effect of pH and temperature on the 
amount of TSP (Figs. 11 and 15) indicates that optimum pH is 
9 and optimum temperature is 65°C. Optimum temperature was 
slightly lower than obtained previously (Figure 9) , 
indicating the presence of interaction between pH and
temperature. This coincides with the fact that interaction 
effect was significant between pH and temperature (p<0.001). 
Other 3D response surfaces and contour plots show that pH 
optimum is between 8 and 9. This result suggests that pH
adjustment is not needed during hydrolysis because pHs of
both intrinsic CPBs and hydrolysate were between 8 and 9. 












Figure 11. Response surface plot of the effect of pH and
temperature on the amount of TSP at 2.5 hr reaction time, 60%
substrate concentration, and 0.3% E/S ratio.
11 0.5
Figure 12. Response surface plot of the effect of pH and
reaction time on the amount of TSP at 70°C, 60% substrate
concentration, and 0.3% E/S ratio.
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Figure 13. Response surface plot of the effect of pH and
substrate concentration on the amount of TSP at 70°C, 2.5
hr reaction time, and 0.3% E/S ratio.
11 0.1
Figure 14. Response surface plot of the effect of pH and
APL-440/substrate ratio on the amount of TSP at 70°C, 2.5



















Figure 15. Contour plot of the effect of pH and
temperature on the amount of TSP at 2.5 hr reaction time,
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Figure 16. Contour plot of the effect of pH and reaction
time on the amount of TSP at 70°C, 60% substrate
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Figure 17. Contour plot of the effect of pH and substrate
concentration on the amount of TSP at 70°C, 2.5 hr














0.1 “1 1 1 1 « 1    ' 1
7 8 9 10 11
pH
Figure 18. Contour plot of the effect of pH and
APL-440/substrate ratio on the amount of TSP at 70°C,
2.5 hr reaction time, and 60% substrate concentration.
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Effect of pH and reaction time on the amount of TSP is 
shown in Figures 12 and 16. At higher pH (pH 10-11), the 
amount of TSP was constant regardless of reaction time, 
indicating enzyme inactivation at high pH and 70°C (0 coded 
levels). However, at optimum pH (pH 8-9), the amount of TSP 
increased as reaction time increased, and remained constant 
after 2.5 hr.
The amount of TSP increased with increasing substrate 
concentration (Figures 13 and 17). Optimum conditions were 
achieved at the highest substrate concentration (75 %) and pH 
8-9. The highest amount of TSP (3.0 mg) was obtained under 
these conditions. Three dimensional response surface plots 
showed that the slope was steep when compared with other 3D 
plots, indicating that substrate concentration was the most 
important variable.
Figures 14 and 18 show the effect of E/S ratio on the 
amount of TSP. This increased as E/S ratio increased up to 
0.3 % and thereafter the amount of TSP was constant without 
regard to increases in E/S ratio.
Three dimensional response surface plots of degree of 
hydrolysis (DH) as a function of two different independent 
variables are shown in Figures 19-22. Contour plots are also 
shown in Figures 2 3-26. Response surfaces and contours were 
plotted for two independent variables as described 
previously. As shown in Figures 19 and 23, highest DH was 
obtained at 65°C and near pH 9. DH increased with increasing
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■
Figure 19. Response surface plot of the effect of pH and
temperature on DH at 2.5 hr reaction time, 60% substrate
concentration, and 0.3% E/S ratio.
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Figure 20. Response surface plot of the effect of pH and
reaction time on DH at 70°C, 60% substrate concentration,
















Figure 21. Response surface plot of the effect of pH and
substrate concentration on DH at 70°C, 2.5 hr reaction






Figure 22. Response surface plot of the effect of pH and
APL-440/substrate ratio on DH at 70°C, 2.5 hr reaction
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Figure 23. Contour plot of the effect of pH and
temperature on DH at 2.5 hr reaction time, 60% substrate
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Figure 25. Contour plot of the effect of pH and substrate
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Figure 26. Contour plot of the effect of pH and APL-
440/substrate ratio on DH at 70°C, 2.5 hr reaction time,
and 60% substrate concentration.
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reaction time at pH 8-9 (Figs. 20 and 24) . Further, DH 
increased with increasing E/S ratio up to 0.3 % of E/S ratio 
(Figs. 22 and 26) . These optimum hydrolysis conditions were 
consistent with those obtained from 3D response surface plots 
and contour plots for amount of TSP. Interestingly, DH 
increased as substrate concentration decreased to 45 %,
suggesting that high DH does not coincide with high amount of 
hydrolysate (Figs. 21 and 25) and amount of TSP is a more 
suitable dependent variable. Surowka and Fik (1992) 
reported that hydrolysis rate increased as the amount of 
water increased (substrate concentration decreased) up to 75 
% of the raw material in the production of protein 
hydrolysate from chicken heads. Solubilization of lean beef 
tissue decreased markedly with increasing meat:liquid ratio 
(O'Meara and Munro, 1984b).
Based on these results, optimum hydrolysis conditions 
for enzymatic hydrolysis of CPBs with APL-440 were determined 
as pH 8-9, 65°C, 2.5 hr reaction time, 75% substrate
concentration, and 0.3% APL-440. However, since pH
adjustment is not necessary, highest amount of hydrolysate 
can be obtained by control of temperature (65°C) and reaction 
time (2.5 hr) with the addition of 0.3% APL-440 to 75% CPBs.
3.4. Bitterness
Along with aroma, taste is one of the important quality 
factors for hydrolysates. Unfortunately, a bitter taste was
detected in CPBs hydrolysates. Bitter taste is due to 
peptides rich in hydrophobic amino acids (Matoba et al., 
1969; Matoba et al. , 1970) . Type of protease used affects the 
bitterness of protein hydrolysates (Lee et al., 1992). To 
evaluate whether other proteases generate the same problem, 
hydrolysis was carried out with Alcalase 2.4L and Prozyme 6, 
which were nearly as efficient as APL-440 (Table 11) . 
However, bitter taste was still detected in these 
hydrolysates, indicating that it may be difficult to solve 
the bitter taste problem by changing to these proteases. 
Alternatively, debittering could be performed. Debittering 
methods such as selective separation by the use of 
hydrophobic adsorbent, the plastein reaction, masking, and 
the application of exopeptidases could be applied to 
debittering of protein hydrolysate (Adler-Nissen, 1986). On 
the other hand, this investigator pointed out that it is 
generally unnecessary that the protein hydrolysate per se be 
non-bitter to obtain no objectable bitterness in the final 
food formulations because many food systems exerted a 
considerable masking effect on bitterness.
4. Analysis of Volatile Flavor Compounds in Flavor 
Concentrates
Two types of CPBs (composite and claw) were hydrolyzed
under optimum hydrolysis conditions (65°C, 0.3 % of APL-440,
75 % of composite CPBs or 60 % of claw CPBs, and 2.5 hr
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reaction time). Even though picking recovery was low (20%), 
claw CPBs was evaluated as an alternative substrate because 
it may be perceived as more wholesome, i.e., it does not 
contain visceral material included in the composite CPBs. 
After hydrolysis, volatile flavors were extracted and 
thermally generated with boiling water under reflux for 2 hr 
(Ochi, 1980). During aqueous extraction for 2 hr, APL-440 
was thought to be inactivated completely. According to 
manufacturer, APL-440 was inactivated at 80-85°C for 5-10 
min. Flavor concentrates were prepared by concentrating the 
recovered aqueous filtrate to ca. 30°Brix using either 
atmospheric evaporation (100°C) or vacuum evaporation (60°C) . 
A higher volume of concentrates (three-fold higher) was 
obtained by enzymatic hydrolysis of composite and claw CPBs 
when compared with the controls. To compare the increase or 
decrease of volatiles during concentration, volatile flavor 
compounds were analyzed before and after concentration. 
Volatile flavor components in flavor concentrates were 
analyzed using vacuum-SDE/GC/MS.
Table 13 summarizes the characteristics of flavor 
concentrates from composite CPBs and claw CPBs. Flavor 
concentrates of composite CPBs and claw CPBs exhibited 
similar characteristics. However, hydrolysate of each CPBs 
had different characteristics from its control. Hydrolysate 
pH was lower than that of the control due to protein 
hydrolysis. At pH values above 7.5-7.8, hydrolysis of
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Table 13. Summary of selected characteristics of flavor 
concentrates of composite and claw CPBs
Composite Claw
H“ Cb H C
pH0 9.13 9.33 9.18 9.44
Turbidity Clear Turbid Clear Turbid
Color Brown Red Brown Red
Taste Bitter Salty Bitter Salty
Viscosity Not viscous Viscous Not viscous Viscous
* Flavor concentrate of hydrolysate 
b Flavor concentrate of control 
c Mean of four flavor concentrates
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protein is accompanied by a decrease in pH due to the release 
of H+ from carboxyl groups (Adler-Nissen, 1986). Controls 
were more turbid and viscous than hydrolysate, due to 
unhydrolyzed proteins. Color of hydrolysate was brown while 
that of control was red. The brown color was possibly formed 
through Maillard reactions. Taste of hydrolysate was bitter, 
while control had a salty taste. However, as mentioned 
previously, bitterness may be masked by other constituents 
when used in food formulations.
4.1. Volatile Flavor Components in Flavor Concentrates 
Prepared from Composite CPBs 
The effect of enzymatic hydrolysis on the formation of 
volatile flavor components in composite CPBs was analyzed 
statistically (Appendix 8). As shown in Tables 14, 15, and 
17, twenty-nine compounds out of 54 compounds detected in 
composite CPBs were significantly affected by enzymatic 
hydrolysis (p<0.05), most of which were thermally generated 
volatiles and carbonyl compounds. Concentrations of 12 
pyrazines detected in composite CPBs increased significantly 
(p<0.05) after enzymatic hydrolysis. Other significant 
increases (p<0.05) after enzymatic hydrolysis were found for 
dimethyl disulfide, dimethyl trisulfide, and benzaldehyde. 
All of these compounds are considered to be thermally 
generated volatile compounds (Maga, 1982b; Schutte, 1974; 
Hayashi et al., 1990). Amounts of 2,3-pentanedione, (E,E)-
Table 14. Comparison of volatile flavor compounds in composite hydrolysate and











1 2-Pentanone 976 0.064 — 0.075 — 0.9
2 2,3-Butanedione 985 0.044 1.9 0.052 2.2 0.9
3 (E) -2-Butenale 1036 0.226 20.4 0.227 20.5 1.0
4 2,3-Pentanedionef 1055 0.004 0.3 0.043 3.9 0.11
5 Dimethyl disulfide' 1070 0.165 12.8 0.040 3.1 4.11
6 2-Hexanone 1078 0.009 - 0.028 - 0.3
8 (E)-2-Methyl-2-butenal 1091 0.046 5.6 0.122 14.7 0.4
9 (E)-3-Penten-2-one' 1123 0.095 4.4 0.064 3.0 1.5
10 l-Penten-3-ol 1154 0.332 20.1 0.573 34.7 0.6
11 Pyridine 1173 0.181 9.8 0.209 11.3 0.9
12 2-Heptanone 1179 0.138 6.1 0.810 36.0 0.2
14 Pyrazine' 1204 0.037 5.5 0.048 7.1 0.8
16 Methylpyraz ine' 1259 0.179 15.5 0.124 10.7 1.4
17 2-Ethylpyridine' 1277 0.034 - 0.013 - 2.5
18 2-0ctanone 1284 0.048 1.6 0.081 2.7 0.6
19 (Z)-2-Penten-l-ol 1309 0.094 13.9 0.223 32.9 0.4
20 2,5-Dimethylpyrazine' 1316 2.474 226.9 0.970 89.0 2.6
21 2,6-Dimethylpyrazine' 1322 0.038 2.0 0.018 1.0 2.1
22 Ethylpyra z ine' 1328 0.025 2.0 0.022 1.8 1.1
23 6-Methyl-5-hepten-2-one 1338 ndg - 0.022 - 0.0*
24 2,3-Dimethylpyrazine' 1341 0.004 0.4 0.004 0.3 1.1
25 2,4,6-Trimethylpyridine (I.S.) 1362 1.000 - 1.000 - 1.0
26 Dimethyl trisulfide' 1380 0.083 4.8 0.014 0.8 5.8
27 2-Ethy1-6-methylpyraz ine' 1380 0.019 1.3 0.017 1.2 1.1
28 2-Ethyl-5-methylpyra z ine' 1385 0.285 18.4 0.045 2.9 6.3 108
Table 14 - (Continued)
29 2-Nonanone 1391 0.038 1.5 0.072 2.8 0.5
30 Tr imethylpyrazinee 1399 0.248 16.3 0.084 5.5 2.9
31 (E,E)-2,4-Hexadienalf 1406 nd - 0.011 0.9 0.0*
32 (E)-2-Hexen-l-ol 1406 0.026 2.3 0.020 1.8 1.3
33 2-Cyclohexen-l-one 1433 0.016 0.8 0.050 2.5 0.3
34 2-Ethyl-3,6-dimethylpyrazine6 1439 0.073 4.0 0.021 1.1 3.5*
35 l-0cten-3-olf 1450 0.143 3.9 0.209 5.7 0.7
36 2-Ethyl-3,5-dimethylpyrazine6 1455 0.022 1.2 0.002 0.1 10.1*
37 2-Furancarboxaldehyde 1468 trh - tr - -
38 Tetramethylpyrazine6 1469 tr - nd -
39 2-Ethyl-l-Hexanol 1489 0.158 3.1 0.029 4.2 0.7
40 (E,E)-2,4-Heptadienalf 1494 0.004 0.2 0.083 6.6 0.0*
41 2-Decanonef 1495 0.034 - 0.050 -- 0.7
42 lH-Pyrrole 1514 0.684 58.3 0.974 83.1 0.7
43 (E,Z)-3,5-Octadien-2-one* 1517 0.022 - 0.051 - 0.4
44 Benzaldehyde6 1520 5.971 278.0 1.045 48.7 5.7*
45 (E,E)-3,5-Octadien-2-one* 1575 0.159 - 0.218 - 0.7
46 (E,Z)-2,6-Nonadienalf 1585 nd - 0.020 0.8 0.0
48 2-Acetylthiazolef 1646 0.157 13.6 0.217 18.8 0.7*
49 a-Terpineol 1694 0.031 1.0 0.049 1.5 0.6
50 2-Thiophenecarboxaldehyde 1699 0.047 - 0.052 - 0.9
51 A Schiff base*6 1778 0.852 - 0.099 - 8.6*
52 A Schiff base*6 1804 3.202 - 0.642 - 5.0*
54 B-Iononef 1938 0.047 2.2 0.107 4.9 0.4
55 Phenol 2003 0.044 3.9 0.025 2.2 1.7
Tentatively identified 
* Retention Index
b Mean peak area ratio (peak area of compound/peak area of TMP) 
6 Concentration
d Peak area ratio of hydrolysate/peak area ratio of control
Table 14 - (Continued)
e Effect of APL-440 on the increase of concentration is significant (p<0.05) 
f Effect of APL-440 on the decrease of concentration is significant (p<0.05) 
8 Not detected 
h Trace
' Significantly different (p<0.05)
Table 15. Comparison of volatile flavor compounds in flavor concentrates of











1 2-Pentanone 976 0.049 — 0.016 — 3.0
2 2,3-Butanedione 985 0.811 35.1 0.249 10.8 3.3
3 (Z) -2-Butenale 1036 0.089 8.0 0.009 0.8 9.9‘
4 2,3-Pentanedionef 1055 0.020 1.8 0.007 0.7 2.8
5 Dimethyl disulfide' 1070 2.829 219.6 0.139 10.8 20.4*
6 2-Hexanone 1078 0.008 - 0.003 - 2.5
7 Hexanal 1079 0.149 12.4 0.083 6.9 1.8
8 (E)-2-Methyl-2-butenal 1091 tr8 - tr - -
9 (E)-3-Penten-2-one' 1123 0.061 2.8 tr - -
10 l-Penten-3-ol 1154 0.010 0.6 0.002 0.1 5.8
11 Pyridine 1173 0.012 0.7 ndh - -
12 2-Heptanone 1179 0.077 3.4 0.010 0.4 7.9‘
13 Heptanal 1182 0.014 0.9 0.001 0.1 10.3
14 Pyrazine' 1204 0.025 3.7 nd -
16 Methylpyrazine' 1259 0.674 58.3 0.011 o•H 60.11
17 2 -Ethy lpyr idine' 1277 tr - tr - -
18 2-Octanone 1284 0.006 0.2 0.001 0.0 7.1
20 2,5-Dimethylpyrazine' 1316 9.379 860.3 0.623 57.1 15.11
21 2,6-Dimethylpyrazine' 1322 0.046 2.5 0.001 0.1 42. 31
22 Ethylpyraz ine' 1328 0.035 2.8 0.002 0.2 16.2‘
23 6-Methyl-5-hepten-2-one 1338 0.002 0.0 nd - -
24 2,3-Dimethylpyrazine' 1341 0.018 1.5 nd -
25 2,4,6-Trimethylpyridine (I.S.) 1362 1.000 - 1.000 - 1.0
26 Dimethyl trisulfide' 1380 1.333 76.8 0.151 8.7 8.8‘
27 2-Ethy1-6-methylpyrazine' 1380 0.011 0.8 nd — 111
Table 15 - (Continued)
28 2-Ethy1-5-methylpyraz ine' 1385 0.677 43.6 0.134 VO•00 5.1
29 2-Nonanone 1391 0.010 0.4 tr - 21.0
30 Tr imethylpyraz ine' 1399 0.666 43.8 0.015 1.0 44.7‘
33 2-Cyclohexen-l-one 1433 0.245 12.4 0.006 0.3 39.6
34 2-Ethyl-3,6-dimethylpyrazine' 1439 0.225 12.4 0.013 0.7 17.7‘
36 2-Ethyl-3,5-dimethylpyrazine' 1455 0.042 2.2 nd - _ i
37 2-Furancarboxaldehyde 1468 tr - tr - -
39 2-Ethy1-1-Hexanol 1489 0.417 8.2 0.078 1.5 5.3
40 (E,E)-2,4-Heptadienalf 1494 nd - 0.029 1.2 _i
41 2-Decanonef 1495 tr - 0.002 - -
42 lH-Pyrrole 1514 0.256 21.8 0.072 6.2 3. 5*
44 Benzaldehyde' 1520 21.134 984.1 1.712 79.7 12. 3‘
46 (E,Z)-2,6-Nonadienalf 1585 nd - 0.005 0.2 -
53 (E,E)-2,4-Decadienal 1809 nd - tr - -
54 B-Iononef 1938 nd - tr - -
55 Phenol 2003 tr — 0.002 0.2 —
Tentatively identified 
* Retention Index
b Mean peak area ratio (peak area of compound/peak area of TMP) 
c Concentration
d Peak area ratio of hydrolysate/peak area ratio of control
e Effect of APL-440 on the increase of concentration is significant (p<0.05) 
f Effect of APL-440 on the decrease of concentration is significant (p<0.05) 
s Trace
h Not detected
1 Significantly different (p<0.05)
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2,4-hexadienal, (E,E)-2,4-heptadienal, 2-decanone, and (E,Z)- 
2,6-nonadienal, which are believed to be derived from lipid 
oxidation, decreased significantly (p<0.05) after enzymatic 
hydrolysis. These results suggest that thermally generated 
volatiles increased by protease treatment, whereas lipid 
oxidation products decreased.
4.1.1. Volatile Flavor Components in Composite CPBs
Hydrolysate and Composite CPBs Control Before 
Concentration
Total ion chromatograms of volatile flavor components in 
composite CPBs hydrolysate and composite CPBs control before 
concentration are shown in Figure 27. Table 14 lists 
compounds identified, mean peak area ratios, concentrations 
(ppb), and peak area ratios of hydrolysate/peak area ratio of 
control (H/C). Forty-six and 48 compounds were identified in 
the hydrolysate and control, respectively. Most of these 
have been reported as volatile flavor components of crawfish 
tailmeat (Vejaphan et al., 1988) and/or CPBs (Tanchotikul and 
Hsieh, 1989; Cha et al., 1992). (E,Z)-3,5-Octadien-2-one
(peak No. 43), and two Schiff bases (peak No. 51 and peak No. 
52) were identified for the first time in CPBs. Williams 
(1988) reported that 3-methylthiopropanal (methional) played 
an important role in crawfish hepatopancreatic tissue; 
however, this compound was not detected in CPBs. Methional 
was not found in the headspace of CPBs (Tanchotikul and
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Figure 27. Total ion chromatograms of volatile flavor components in 
composite CPBs hydrolysate , (A) and composite CPBs control (B) before 
concentration (Peak numbers correspond to those in Table 14).
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Hsieh, 1989) or flavor concentrate from CPBs (Cha et al., 
1992) . The reason why this compound was not detected in CPBs 
is not clear.
Twelve pyrazines were positively identified in composite 
CPBs. Pyrazines, having nutty and roasted aromas, are 
considered important volatile flavor components in many 
cooked foods (Maga, 1982b). Pyrazines were thought to play 
an important role in crawfish hepatopancreatic tissue, 
tailmeat, and processing by-products (Kinlin et al., 1974; 
Vejaphan et al., 1988; Tanchotikul and Hsieh, 1989; Cha et 
al., 1992) . 2,5-Dimethy lpyraz ine was the most abundant among
the pyrazines detected in both hydrolysate and the control. 
This compound was reported as the most abundant pyrazine in 
the headspace of CPBs (Tanchotikul and Hsieh, 1989) and 
flavor concentrates prepared from CPBs (Cha et al., 1992). 
This compound was found in crawfish tailmeat in a moderate 
concentration (Vejaphan et al., 1988), but it was not 
detected in hepatopancreatic tissue (Williams, 1988). Most 
pyrazines were more abundant in the hydrolysate than in the 
control, e.g. the concentrations of 2-ethyl-3,5- 
dimethylpyrazine and 2-ethy1-5-methy.lpyrazine were 10.1 and 
6.3 times higher, respectively, in the hydrolysate compared 
with the control.
Benzaldehyde was the most abundant compound in the 
hydrolysate. This compound has a nutty almond/fruity aroma. 
Hayashi et al. (1990) reported that the amount of
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benzaldehyde increased by heating of crab leg meat enriched 
with any of four amino acids (taurine, proline, alanine, or 
phenylalanine), even though the mechanism could not be 
explained due to its complexity. The concentration of 
benzaldehyde in the hydrolysate was 5.7 times higher than in 
the control, but benzaldehyde may not contribute 
significantly to the overall aroma quality because of its 
high threshold value (350 ppb, Buttery et al., 1988).
Dimethyl disulfide and dimethyl trisulfide increased 4.1 
and 5.8 times in the hydrolysate, respectively. These 
compounds were reported to be thermally generated volatiles 
from sulfur-containing amino acids (Schutte, 1974). Dimethyl 
disulfide could have been thermally generated from 3- 
methylthiopropanal (methional) , a Strecker degradation 
product of methionine (Ballance, 1961). It has been reported 
that dimethyl trisulfide could be thermally generated from a 
cysteine/xylose/hydrolyzed vegetable protein model reaction 
(Mussinan and Katz, 1973). The increase of these two 
sulfur-containing compounds is thought to be due to the 
increase of free methionine and cysteine by enzymatic 
hydrolysis.
These results suggest that the increase in precursors 
(amino acids and peptides) by enzymatic hydrolysis of CPBs 
led to an increase in thermally generated volatiles. It is 
well known that the presence of amino acids results in the 
formation of thermally generated volatiles in cooked foods
117
(Maga, 1982b). Moreover, peptides are believed to generate 
Mai Hard reaction type volatiles. Rizzi (1989) reported that 
greater pyrazine formation was observed in di- or 
tripeptides/fructose reactions than by the respective amino 
acid mixtures/fructose reactions. More recently, Ho et al. 
(1992) demonstrated that peptides played an important role in 
the generation of pyrazines. They observed that the 
reactivities of glycine and triglycine were higher than di- 
or tetraglycine in the formation of aIkylpyrazines.
Also, it is known that ammonia plays an important role 
in the formation of Maillard reaction volatiles (Izzo and Ho, 
1992; Izzo and Ho, 1993). The source of ammonia in protein 
is from the deamidation of glutamine and asparagine side 
chains. Izzo and Ho (1993) reported that ammonia could be 
produced from the deamidation of proteins, contributing to 
the thermal generation of aromas via the Maillard reaction. 
Hwang et al. (1993) demonstrated that amide nitrogen atoms, 
to a greater extent than a-amino groups, contributed to 
pyrazine formation. It was demonstrated that proteins could 
be deamidated by protease action (Kato et al. 1987) or anions 
such as phosphate and bicarbonate (Shih, 1990; Shih, 1991). 
Moreover, as proteolysis proceeds, amides located within the 
proteins would be exposed to the surface, and thus may be 
deamidated more easily. Even though information on the 
contents of glutamine and asparagine in CPBs are not 
available, it is thought that CPBs contain considerable
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amounts of these amino acids based on high amounts of 
glutamic acid and aspartic acid (No, 1987), since asparagine 
and glutamine are readily hydrolyzed by acid to aspartic and 
glutamic acids, respectively (Anglemier and Montgomery, 
1976). Therefore, in addition to direct contribution of 
increased precursors to the formation of pyrazines, ammonia 
liberation via deamidation of proteins or hydrolysates might 
enhance the formation of pyrazines in hydrolysates.
2-Acetylthiazole, which has a cracker or popcorn-like 
aroma (Teranishi and Buttery, 1985), was identified in both 
the hydrolysate and the control. This compound has been 
generated by heating of a cysteine/cystine/ribose model 
system (Schutte, 1974). Its concentration decreased 
significantly after enzymatic hydrolysis (p<0.05). The 
reason for its decrease is not clear. This compound is known 
to have low threshold value (10 ppb, Buttery et al., 1988). 
The amount of lH-pyrrole, which is also known to be a 
thermally generated volatile (Maga, 1981), did not change 
significantly (p<0.05) after enzymatic hydrolysis. This 
compound can be formed by heating of hydroxyproline and 
glucose (Kobayashi and Fujimaki, 1965). This indicates that 
hydroxyproline may not be liberated by enzymatic hydrolysis 
of CPBs. Hydroxyproline is known to be produced by 
degradation of collagen, which is resistant to protease 
attack (Stryer, 1988).
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Schiff bases (peak No. 51 and peak No. 52) increased 8.6 
and 5.0 times in the hydrolysate, respectively. Mass spectra 
of these compounds are shown in Appendix 7. These compounds 
may be formed by attack of a-amino acids by the aldehyde 
function of benzaldehyde. It is known that Schiff bases of 
a-amino acids usually are not stable enough for isolation 
(Dayagi and Degani, 1970). However, Rizzi (1974) observed 
the formation of aldimines from the reaction of furfural and 
a-amino acids. It is believed that the increase of these 
compounds may be related to the increased amounts of 
benzaldehyde and amino acids.
The concentrations of aldehydes, ketones, and alcohols 
either decreased or remained unchanged in the hydrolysate. 
These compounds are lipid oxidation products (Grosch, 1982, 
Vercellotti et al., 1992). Since fresh CPBs were used as the 
substrate, the number and amount of lipid oxidation products 
were lower when compared with CPBs obtained from a processing 
plant (Figure 38) . Lipid oxidation products, such as low 
molecular weight aldehydes, enals, dienals and ketones, play 
an important role in crawfish hepatopancreatic tissue (Kinlin 
et al., 1974). Usually, lipid oxidation products are 
considered as off-flavors, but these are characteristic 
volatile compounds of various seafoods (Josephson, 1991). It 
is not clear how the decrease of lipid oxidation products 
influences the overall aroma quality of flavor concentrates.
1 2 0
(E)-2-Butenal and (E)-3-penten-2-one increased 
significantly (p<0.05) after enzymatic hydrolysis. 1-Octen-
3-ol, having a mushroom aroma (Tressl et al., 1982), 
decreased significantly (p<0.05) after enzymatic hydrolysis. 
6-Ionone, which is derived via 6-carotene degradation 
(Kanasawud and Crouzet, 1990), was detected in a considerable 
amount, and decreased after enzymatic hydrolysis.
4.1.2. Volatile Flavor Compounds in Flavor Concentrates of 
Composite CPBs Hydrolysate and Composite CPBs 
Control Prepared by Atmospheric Evaporation
Aqueous extracts of composite CPBs hydrolysate and 
control were concentrated to ca. 30°Brix by atmospheric 
evaporation (100°C).
Figure 28 and Table 15 show total ion chromatograms and 
compounds identified, respectively. When compared with 
volatiles in composite CPBs before concentration (Figure 27 
and Table 14) , a number of volatile flavor compounds 
disappeared after atmospheric evaporation. Thirty-six and 33 
compounds were identified in flavor concentrates prepared by 
atmospheric evaporation. The major volatile flavor compounds 
in flavor concentrates were pyrazines. (E,E) -2,4-Heptadienal, 
(E,Z)-2,6-nonadienal, and 6-ionone were not detected in the 
flavor concentrate of composite hydrolysate prepared by 
atmospheric evaporation (CHAE), whereas pyridine, pyrazine, 
6-methyl-5-hepten-2-one, 2,3-dimethylpyrazine, 2-ethyl-6-
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Figure 28. Total ion chromatograms of volatile flavor components in 
flavor concentrates of composite CPBs hydrolysate (A) and composite CPBs 
control (B) prepared by atmospheric evaporation (Peak numbers correspond 
to those in Table 15. + marks indicate hydrocarbons).
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1 2 2
methylpyrazine, and 2-ethyl-3,5-dimethylpyrazine were not 
detected in flavor concentrates of composite control prepared 
by atmospheric evaporation (CCAE).
A higher number of hydrocarbons were found in CCAE. 
Hydrocarbons can be derived from the thermal oxidation of 
lipids (Nawar, 1989) . Composite CPBs contain hepatopancreatic 
"fat" which is a source of lipids. These hydrocarbons were 
also found in lower abundance in flavor concentrates of 
composite CPBs control prepared by vacuum evaporation as 
shown in Figure 29. This might be due to the lower 
evaporation temperature used. The reason why these 
hydrocarbons were not detected in hydrolysates may be 
explained by the antioxidative effect of Maillard reaction 
products (Waller et al., 1983; Lingnert and Eriksson, 1983), 
i.e. hydrolysate contained more Maillard reaction products, 
which might act as an antioxidant in hydrolysate during 
evaporation.
The amount of pyrazines increased noticeably in CHAE. 
For 2,5-dimethylpyrazine, the most abundant pyrazine, the 
concentration was 860.3 ppb in CHAE, which was 15.1 times 
higher than in CCAE. The increases of pyrazines in 
hydrolysate (E/C) were in the range of 60.1 times for 
methylpyrazine and 5.1 times for 2-ethy1-5-methylpyrazine. 
In spite of the dominance of the pyrazines, the contribution 
of these important volatile compounds to the overall aroma 
quality is questionable because of their overall high
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Figure 29. Total ion chromatograms of volatile flavor components in 
flavor concentrates of composite CPBs hydrolysate (A) and composite CPBs 
control (B) prepared by vacuum evaporation (Peak numbers correspond to 
those in Table 17. + mark ihdicate hydrocarbons).
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threshold values (Table 16). However, 2-ethyl-3,6-
dimethy lpyraz ine and 2-ethyl-3,5-dimethy lpyraz ine may play an 
important role in CHAE because of their low threshold values. 
These compounds increased markedly after the protease 
treatment and heating. Furthermore, the amount of pyrazines 
can be enhanced by addition of reducing sugar prior to heat 
treatment. Izzo and Ho (1992) observed a dramatic increase 
of total pyrazines during extrusion of autolyzed yeast 
extract with added glucose.
The amounts of dimethyl disulfide, dimethyl trisulfide, 
and benzaldehyde in CHAE were 20.4, 8.8, and 12.3 times
higher than those in CCAE. These two sulfur-containing 
compounds have a cooked cabbage aroma (Schutte, 1974). It is 
thought that the increase of these sulfur-containing 
compounds may contribute to overall aroma quality because of 
their low threshold values of 12 ppb and 10 ppb, respectively 
(Buttery et al., 1976).
2-Acetylthiazole was not detected in flavor concentrates 
prepared by atmospheric evaporation. The concentration of 
lH-pyrrole in hydrolysate was 3.5 times higher than in the 
control after atmospheric evaporation.
Interestingly, dienals such as (E,E)-2,4-heptadienal and 
(E,Z)-2,6-nonadienal were not detected in CHAE. This may be 
explained by the fact that lipid decomposition products can 
react with Maillard reaction intermediates to form 
heterocyclic compounds (Ho et al. 1989). Shibamoto and Yeo
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Pyrazine 175,000* corn-like with bitter
note,
strong sweet odorf
Methylpyraz ine 60,000d nutty, roasted*
2,5-Dimethylpyrazine 1, 800d earthy raw potatob
2,6-Dimethylpyrazine 1, 500d ether-like with corn
notef
Ethylpyraz ine 6,000d nutty, roasted®
2,3-Dimethylpyrazine 2,500d green, nutty®
2-Ethy1-6-methylpyrazine >100e medicine-like,
sweet, nutty, roasted'
2 - Ethy 1-5 -methy lpyr a z i ne 100d grassyf
Trimethylpyraz ine 400f nutty, grassy,
pungentf
2-Ethyl-3,6-dimethylpyrazine 0. 4d roasted, potato-likef
2-Ethyl-3,5-dimethylpyrazine l8 nutty, roasted8
Tetramethylpyraz ine 10008 fermented soybeans'
* Teranishi and Buttery (1985) 
b Deck and Chang (1965) 
c Kosuge and Kamiya (1962) 
d Guadagni et al. (1972) 




(1992) reported that the amount of volatile unsaturated 
aldehydes decreased with increased concentration of glycine 
in corn oil during heating. Cha et al. (1992) reported that 
aldehydes decreased with a corresponding increase of 
pyrazines during concentration at 100°C. Kim et al. (1994b) 
also reported that alkadienals decreased significantly with 
a corresponding increase of pyrazines in crab processing by­
products after treatment with crawfish hepatopancreatic 
extract. Another possible explanation of a decrease in 
dienals is the antioxidative effect of Maillard reaction 
products (Waller et al., 1983; Lingnert and Eriksson, 1982). 
However, it is not clear which played a critical role in 
decreasing the dienals.
4.1.3. Volatile Flavor Compounds in Flavor Concentrates of 
Composite CPBs Hydrolysate and Composite CPBs 
Control Prepared by Vacuum Evaporation 
Aqueous extracts of composite CPBs hydrolysate and 
control were concentrated by vacuum evaporation (60°C) to 
produce flavor concentrates.
Total ion chromatograms and volatile compounds 
identified in flavor concentrates are shown in Figure 29 and 
Table 17, respectively. When compared with volatile 
compounds before concentration (Figure 27 and Table 14), a 
large number of volatile flavor compounds were not detected 
after vacuum evaporation. Forty-two and 43 compounds were
Table 17. Comparison of volatile flavor compounds in flavor concentrate of











1 2-Pentanone 976 0.027 — 0.021 — 1.3
2 2,3-Butanedione 985 0.216 9.3 0.202 8.7 1.1
3 (E)-2-Butenale 1036 0.039 3.5 0.028 2.5 1.4
4 2,3-Pentanedionef 1055 0.009 0.8 0.017 1.5 0.5
5 Dimethyl disulfide' 1070 0.777 60.3 0.138 10.7 5.6‘
6 2-Hexanone 1078 0.002 - 0.008 - 0.3
7 Hexanal 1079 0.389 32.2 0.399 33.1 1.0
8 (E)-2-Methyl-2-butenal 1091 trg - tr - -
9 (E)-3-Penten-2-one' 1123 0.018 0.8 0.002 0.1 10.6
10 l-Penten-3-ol 1154 0.003 0.2 0.010 0.6 0.3
11 Pyridine 1173 0.001 0.1 0.002 0.1 0.7
12 2-Heptanone 1179 0.020 0.9 0.031 1.4 0.7
13 Heptanal 1182 0.055 3.5 0.030 1.9 1.8
14 Pyrazine' 1204 0.001 0.2 tr - -
15 (Z) -4-Heptenal' 1239 0.102 7.7 0.031 2.4 3.3'
16 Methylpyraz ine' 1259 0.031 2.7 0.011 1.0 2.7'
18 2-Octanone 1284 0.005 0.2 0.005 0.2 1.0
20 2,5-Dimethylpyrazine' 1316 0.621 56.9 0.631 57.9 1.0
21 2,6-Dimethylpyrazine' 1322 0.004 0.2 0.003 0.2 1.3
22 Ethy lpyraz ine' 1328 0.002 0.2 0.001 0.1 1.9
23 6-Methyl-5-hepten-2-one 1338 tr - ndh - -
24 2,3-Dimethylpyrazine' 1341 tr - nd - -
25 2,4,6-Trimethylpyridine (I.S.) 1362 1.000 - 1.000 - 1.0
26 Dimethyl trisulfide' 1380 0.463 26.7 0.150 r-•00 3.1
27 2-Ethy1-6-methylpyra z ine' 1380 0.002 0.1 nd - -
Table 17 - (Continued)
28 2-Ethy1-5-methyIpyraz inee 1385 0.127 8.2 0.135 8.7 0.9
29 2-Nonanone 1391 0.001 0.0 0.005 0.2 0.1
30 Tr imethylpyra z ine' 1399 0.048 3.2 0.032 2.1 1.5
31 (E,E)-2,4-Hexadienalf 1406 nd - tr - -
32 (E)-2-Hexen-l-ol 1406 tr - tr - -
33 2-Cyclohexen-l-one 1433 0.010 0.5 0.015 0.8 0.7
34 2-Ethyl-3,6-dimethylpyrazinee 1439 0.066 3.6 0.035 1.9 1.9
35 l-Octen-3-olf 1450 tr - 0.006 0.2 —i
36 2-Ethyl-3,5-dimethylpyrazine' 1455 0.011 0.6 0.008 0.4 1.4
37 2-Furancarboxaldehyde 1468 tr - tr - -
39 2-Ethyl-l-Hexanol 1489 0.262 5.2 0.384 7.5 0.7
40 (E,E)-2,4-Heptadienalf 1494 0.001 0.0 0.057 2.3 0.0s
41 2-Decanonef 1495 0.001 - 0.006 - 0.1
42 lH-Pyrrole 1514 0.113 9.6 0.161 13.7 0.7*
44 Benz a ldehyde' 1520 4.888 227.6 1.350 62.8 3. 6*
45 (E,E)-3,5-Octandien-2-one* 1575 nd - tr - -
46 (E,Z)-2,6-Nonadienalf 1585 0.003 0.1 0.071 2.7 o • o
47 (E,E)-2,4-0ctadienal 1588 tr - tr - -
50 2-Thiophenecarboxaldehyde 1699 tr - tr - -
53 (E,E)-2,4-Decadienal 1809 nd - 0.056 2.3 -
54 S-Iononef 1938 nd - 0.006 0.3 -
55 Phenol 2003 tr — tr — —
Tentatively identified 
a Retention Index
b Mean peak area ratio (peak area of compound/peak area of TMP) 
c Concentration
d Peak area ratio of hydrolysate/peak area ratio of control
e Effect of APL-440 on the increase of concentration is significant (p<0.05)
f Effect of APL-440 on the decrease of concentration is significant (p<0.05)
g Trace b Not detected
1 Significantly different (p<0.05)
129
identified in the hydrolysate (CHVE) and the control (CCVE), 
respectively. The major volatile flavor components in CHVE 
and CCVE were pyrazines. Lipid oxidation compounds such as 
hexanal, heptanal, (Z)-4-heptenal, (E,E)-2,4-octadienal, and
2,4-decadienal were found in both CHVE and CCVE. This may be 
due to the prolonged evaporation time. The concentrations of 
pyrazines increased slightly in CHVE, whereas 2,3- 
dimethylpyrazine and 2-ethy1-6-methylpyraz ine were not 
detected in CCVE. The amounts of dimethyl disulfide, 
dimethyl trisulfide, and benzaldehyde in CHVE increased 5.6,
3.1, and 3.6 times, respectively. The concentration of 1H- 
pyrrole decreased in CHVE, and 2-acetylthiazole was not 
detected.
As in other hydrolysates, the concentrations of dienals 
in hydrolysate (CHVE) decreased considerably with no 
detection of (E, E) -2 ,4-hexadienal and (E, E.) -2 ,4-decadienal.
The effect of concentration methods on the 
concentrations of pyrazines in composite CPBs hydrolysates is 
shown in Figure 30. The concentrations of most pyrazines 
increased remarkably after atmospheric evaporation (100°C), 
whereas, their concentrations decreased after vacuum 
evaporation. Considering the concentrations of pyrazines, it 
was concluded that atmospheric evaporation was more effective 
than vacuum evaporation. However, if spray-dried powder is 
considered as a final product, pre-concentration method might 



















Figure 30. Comparison of pyrazines in flavor concentrates 
of composite CPBs hydrolysates prepared by atmospheric 
evaporation and vacuum evaporation (A:2,5- 
dimethylpyrazine, B:trimethylpyrazine, C:2-ethyl-5-
methylpyrazine, D:methylpyrazine, E:2-ethyl-3,6-
dimethylpyrazine, Frpyrazine, G:ethylpyraz ine, H:2,6- 




subsequent exposure to heat during spray drying. 
Additionally, encapsulation of aromas can be considered with 
this process to preserve aromas (Reineccius, 1988). Figure 
31 shows the effect of concentration methods on pyrazines in 
composite CPBs controls. The concentrations of most 
pyrazines in flavor concentrates of composite CPBs controls 
decreased due to evaporation. These results suggest that the 
formation of pyrazines can be enhanced by the combination of 
protease treatment and heating, resulting in the improvement 
of overall aroma quality of flavor concentrate of composite 
CPBs.
4.2. Volatile Flavor Components in Flavor Concentrates 
Prepared from Claw CPBs 
Basically, there was no difference in volatile profiles 
between composite CPBs concentrates and claw CPBs 
concentrates. Baked potato-like aromas and ammonia-like 
aromas were detected in claw CPBs during hydrolysis, but 
these aromas disappeared after aqueous extraction and 
evaporation, and the final concentrates exhibited the same 
aroma as composite CPBs.
The effect of enzymatic hydrolysis on the formation of 
volatile flavor components in claw CPBs was analyzed 
statistically (Appendices 8, 9, and 10). Twenty compounds 
out of 49 compounds identified in claw CPBs concentrates 
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Figure 31. Comparison of pyrazines in flavor concentrates 
of composite CPBs controls prepared by atmospheric 
evaporation and vacuum evaporation (A:2,5- 
dimethylpyrazine, B:trimethylpyrazine, C:2-ethyl-5- 
methylpyrazine, Dimethylpyrazine, E:2-ethyl-3,6- 
dimethylpyrazine, F:pyrazine, G:ethylpyrazine, H:2,6- 




composite CPBs, the concentrations of 9 pyrazines increased 
significantly after enzymatic hydrolysis (p<0.05). The 
increases of dimethyl disulfide, dimethyl trisulfide, and 
benzaldehyde were also significant (p<0.05). Hexanal, (E,E)-
2,4-heptadienal, and (E,Z)-2,6-nonadienal exhibited 
significant decreases after enzymatic hydrolysis (p<0.05). 
(E)-2-Butenal and pyridine increased significantly by enzyme 
hydrolysis (p<0.05), whereas 2-eyelohexen-1-one, l-octen-3- 
ol, and 2-acetylthiazole decreased significantly (p<0.05). 
Therefore, similar to composite CPBs, it was concluded that 
thermally generated volatile compounds (MaiHard reaction 
volatiles) were increased by enzymatic hydrolysis, whereas 
lipid oxidation products decreased.
4.2.1. Volatile Flavor Components in Claw CPBs hydrolysate 
and Claw CPBs Control before Concentration
As shown in Figure 32 and Table 18, forty-six and 47 
compounds were identified in claw CPBs hydrolysate and 
control, respectively. When compared with composite CPBs, 
there was no difference between volatile profiles except that 
lipid oxidation products such as heptanal, (Z)-4-heptenal, 
(E,E)-2,4-hexadienal, (E,E)-2,4-octadienal and (E,E)-2,4-
decadienal were not found in claw CPBs. This may be due to 
the small amount of lipids in claw CPBs.
Twelve pyrazines were detected in claw CPBs. All 
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Figure 32. Total ion chromatograms of volatile flavor components in 
flavor concentrates of claw CPBs hydrolysate (A) and claw CPBs control 
(B) before concentration (Peak numbers correspond to those in Table 18).












1 2-Pentanone 976 0.007 — 0.013 — 0.5
2 2,3-Butanedione 985 0.061 3.3 0.044 2.4 1.4
3 (E) -2-Butenal* 1036 0.434 49.0 0.453 51.2 1.0
4 2,3-Pentanedione 1055 0.002 0.2 0.002 0.2 1.2
5 Dimethyl disulfide* 1070 0.058 5.6 0.032 3.1 1.8'
6 2-Hexanone 1078 0.002 - 0.005 - 0.3
8 (E)-2-Methyl-2-butenal 1091 0.006 0.9 0.028 4.3 0.2
9 (E)-3-Penten-2-one 1123 0.053 3.0 0.055 3.1 1.0
10 l-Penten-3-ol 1154 0.046 3.5 0.024 1.8 2.0
11 Pyridine* 1173 0.062 4.2 0.049 3.3 1.3
12 2-Heptanone 1179 0.024 1.3 0.048 2.7 0.5
14 Pyrazine* 1204 0.022 4.0 0.020 3.6 1.1
16 Methy lpyraz ine* 1259 0.125 13.5 0.074 8.0 1.7
17 2-Ethylpyridine 1277 0.002 - 0.001 - 2.1
18 2-Octanone 1284 0.008 0.3 0.036 1.5 0.2
19 (Z)-2-Penten-l-ol 1309 0.007 1.3 0.007 1.4 1.0
20 2,5-Dime thy lpyraz ine* 1316 2.007 230.1 0.557 63.9 3.6'
21 2,6-Dimethylpyrazine* 1322 0.023 1.5 0.012 0.8 1.8
22 Ethylpyraz ine* 1328 0.009 0.9 0.006 0.6 1.5
23 6-Methyl-5-hepten-2-one 1338 trg - tr - -
24 2,3-Dimethylpyrazine 1341 0.001 0.1 0.001 0.1 1.3
25 2,4,6-Trimethylpyridine (I.S.) 1362 1.000 - 1.000 - 1.0
26 Dimethyl trisulfide* 1380 0.022 1.6 0.018 1.3 1.2
27 2-Ethy1-6-methylpyraz ine 1380 0.009 0.8 0.003 0.3 2.8
28 2-Ethy1-5-methylpyrazine* 1385 0.083 6.7 0.025 2.0 3.4 135
Table 18 - (Continued)
29 2-Nonanone 1391 0.004 0.2 0.022 1.1 0.2
30 Tr imethy Ipy r a z inee 1399 0.225 18.5 0.071 5.9 3.2*
33 2-Cyclohexen-l-onef 1433 0.048 3.0 0.040 2.5 1.2
34 2-Ethyl-3,6-dimethylpyrazine® 1439 0.019 1.3 0.010 0.7 2.0
35 l-0cten-3-olf 1450 0.023 0.8 0.052 1.8 0.4
36 2-Ethyl-3,5-dimethylpyrazine® 1455 0.004 0.3 0.001 0.1 3.4
37 2-Furancarboxaldehyde 1468 0.011 1.1 0.013 1.2 0.9
38 Tetramethylpyra z ine 1469 tr - tr - -
39 2-Ethyl-l-Hexanol 1489 0.100 2.5 0.266 6.5 0.4
40 (E,E)-2,4-Heptadienalf 1494 0.002 0.1 0.006 0.3 0.3
41 2-Decanone 1495 0.004 - 0.017 - 0.3
42 lH-Pyrrole 1514 2.424 258.4 2.069 220.4 1.2
43 (E,Z)-3,5-Octadien-2-one* 1517 0.003 - 0.007 - 0.5
44 Benzaldehyde® 1520 3.261 189.8 0.534 31.1 6.1‘
45 (E,E)-3,5-Octandien-2-one* 1575 0.041 - 0.018 - 2.3
46 (E, Z)-2,6-Nonadienalf 1585 0.002 0.1 0.003 0.1 0.7
48 2 - Acety 1 th ia z o lef 1646 0.096 10.3 0.112 12.1 0.9*
49 a-Terpineol 1694 tr - tr - -
50 2-Thiophenecarboxaldehyde 1699 0.020 - 0.021 - 1.0
51 A Schiff base’ 1778 0. 089 - 0.058 - 1.5
52 A Schiff base* 1804 0.671 - 0.518 - 1.3
54 B-Ionone 1938 ndh - tr - -
55 Phenol 2003 0.010 1.1 0.010 1.1 1.0
Tentatively identified a Retention Index
b Mean peak area ratio (peak area of compound/peak area of TMP) 
c Concentration
d Peak area ratio of hydrolysate/peak area ratio of control
e Effect of APL-440 on the increase of concentration is significant (p<0.05) 
f Effect of APL-440 on the decrease of concentration is significant (p<0.05)
* Trace h Not Detected
1 Significantly different (p<0.05)
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whereas (E,E)-2,4-heptadienal and (E,Z)-2,6-nonadienal 
decreased by 0.3 and 0.7 times, respectively. The 
concentration of benzaldehyde increased from 31.1 ppb to 
189.8 ppb after enzymatic hydrolysis. The trends in volatile 
profiles were similar to those in composite CPBs.
4.2.2. Volatile Flavor Compounds in Flavor Concentrates of 
Claw CPBs Hydro lysate and Claw CPBs Control Prepared
by Atmospheric Evaporation
Figure 33 and Table 19 show total ion chromatograms and 
compounds identified in flavor concentrates of claw CPBs 
hydrolysate (LHAE) and control (LCAE) prepared by atmospheric 
evaporation. Forty-one and 38 compounds were identified in 
LHAE and LCAE, respectively.
Like in composite CPBs, the major components in LHAE and 
LCAE were pyrazines. The most abundant compound in LHAE was
2,5-dimethylpyrazine (143.2 ppb), followed by benzaldehyde
(120.1 ppb).
Pyrazines increased considerably after enzymatic
hydrolysis (H/C ratios ranged from 11.5 for 2,3-
dimethylpyrazine to 1.2 for 2-ethyl-6-methylpyrazine),
whereas hexanal, (E,E)-2,4-heptadienal, and (E,Z)-2,6- 
nonadienal decreased by 0.3, 0.1, and 0.2 times,
respectively.
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Figure 33. Total ion chromatograms of volatile flavor components in 
flavor concentrates of claw CPBs hydrolysate (A) and claw CPBs control 
(B) prepared by atmospheric evaporation (Peak numbers correspond to 
those in Table 19).
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Table 19. Comparison of volatile flavor components in flavor concentrates of











1 2-Pentanone 976 0.005 — 0.004 — 1.3
2 2,3-Butanedione 985 0.048 2.6 0.086 4.6 0.6
3 (E) -2-Butenale 1036 0.029 3.3 0.006 0.7 5.0
4 2,3-Pentanedione 1055 0.003 0.3 0.003 0.3 0.9
5 Dimethyl disulfide' 1070 0.138 13.4 0.046 4.5 3 .0*
6 2-Hexanone 1078 0.004 - 0.004 - 1.0
7 Hexanalf 1079 0.009 0.9 0.030 3.2 0.3*
8 (E)-2-Methyl-2-butenal 1091 trg - tr - -
9 (E)-3-Penten-2-one 1123 tr - tr - -
10 1-Penten-l-ol 1154 0.004 0.3 0.003 0.2 1.2
11 Pyridine' 1173 0.005 0.3 0.004 0.3 1.2
12 2-Heptanone 1179 0.006 0.3 0.006 0.4 0.9
14 Pyrazine' 1204 0.005 1.0 0.001 0.2 5. 9*
16 Methylpyra z ine' 1259 0.075 8.1 0.018 2.0 4.1*
17 2-Ethylpyridine 1277 tr - ndh - -
18 2-0ctanone 1284 0.004 CM•o 0.003 0.1 1.3
19 (Z)-2-Penten-l-ol 1309 tr - tr - -
20 2,5-Dimethylpyrazine' 1316 1.249 143.2 0.421 48.2 3.0*
21 2,6-Dimethylpyrazine' 1322 0.015 1.0 0.005 0.3 3.1*
22 Ethylpyrazine' 1328 0.006 0.6 0.001 0.1 4.4
23 6-Methyl-5-hepten-2-one 1338 tr - tr - -
24 2,3-Dimethylpyrazine 1341 0.005 0.6 0.000 0.1 11.5
25 2,4,6-Trimethylpyridine (I.S.) 1362 1.000 - 1.000 - 1.0
26 Dimethyl trisulfide' 1380 0.237 17.1 0.100 7.2 2.4
27 2-Ethy1-6-methylpyra z ine 1380 0.007 0.6 0.006 0.5 1.2 139
Table 19 - (Continued)
28 2-Ethy1-5-methylpyraz ine' 1385 0.154 12.4 0.064 5.2 2. 4*
29 2-Nonanone 1391 0.001 0.1 0.001 0.0 2.1
30 Tr imethylpyraz ine' 1399 0.201 16.5 0.055 4.6 3.6*
32 (E)-2-Hexen-l-ol 1406 tr - tr - -
33 2-Cyclohexen-l-onef 1433 0. 018 1.1 0.030 1.9 0.6
34 2-Ethyl-3,6-dimethylpyrazine' 1439 0.147 10.1 0.024 1.7 6. 0*
35 l-Octen-3-olf 1450 0.001 0.0 0.005 0.2 0.1
36 2-Ethyl-3,5-dimethylpyrazine' 1455 0.013 0.8 0.005 0.3 2.5'
37 2-Furancarboxaldehyde 1468 0.009 0.9 0.019 1.9 0.5
38 Tetramethylpyraz ine 1469 0.001 0.1 nd 0.0 -
39 2-Ethyl-l-Hexanol 1489 0.572 14.0 0.516 12.7 1.1
40 (E,E)-2,4-Heptadienalf 1494 tr - 0.007 0.4 0.1!
41 2-Decanone 1495 0.002 - 0.001 - 1.7
42 lH-Pyrrole 1514 0.433 46.1 0.249 26.6 1.7‘
44 Benzaldehyde' 1520 2.064 120.1 0.656 38.2 3 .2'
46 (E, Z) -2,6-Nonadienalf 1585 tr - 0.001 0.1 0.2
55 Phenol 2003 tr — nd — —
Tentatively identified 
a Retention Index
b Mean peak area ratio (peak area of compound/peak area of TMP) 
c Concentration
d Peak area ratio of hydrolysate/peak area ratio of control
e Effect of APL-440 on the increase of concentration is significant (p<0.05) 
f Effect of APL-440 on the decrease of concentration is significant (p<0.05) 
8 Trace
h Not detected
1 Significantly different (p<0.05)
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1 4 1
In contrast to data from composite CPBs, hydrocarbons 
were not detected in claw CPBs. This may be due to the low 
level of lipid in claw CPBs.
4.2.3. Volatile Flavor Compounds in Flavor Concentrates of 
Claw CPBs Hydrolysate and Claw CPBs Control Prepared 
by Vacuum Evaporation
Figure 34 and Table 20 show total ion chromatograms and 
compounds identified in flavor concentrates of claw CPBs 
hydrolysate (LHVE) and control (LCVE) prepared by atmospheric 
evaporation, respectively. Thirty-one and 34 compounds were 
identified in LHVE and LCVE, respectively. The effect of 
concentration method on the concentrations of pyrazines in 
claw CPBs hydrolysates is shown in Figure 35. The 
concentrations of 2,3-dimethylpyrazine, 2-ethyl-5-
methylpyraz ine, 2-ethyl-3,6-dimethylpyrazine, and 2-ethyl-
3.5-dimethylpyrazine increased after atmospheric evaporation 
(100°C). However, the concentrations of 2-ethyl-5-
methylpyrazine, 2-ethyl-3,6-dimethylpyrazine, and 2-ethyl-
3.5-dimethylpyrazine increased after vacuum evaporation 
(60°C). Effect of heating on the formation of pyrazines was 
not as large as that with composite CPBs hydrolysates. The 
reason is not clear, but lipids may play a significant role. 
Figure 3 6 shows the effect of concentration method on 
pyrazines in claw CPBs controls. The concentrations of most 
pyrazines in flavor concentrates of claw CPBs controls
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Figure 34. Total ion chromatograms of volatile flavor components in 
flavor concentrates of claw CPBs hydrolysate (A) and claw CPBs control 
(B) prepared by vacuum evaporation (Peak numbers correspond to those in 
Table 20).
Table 20. Comparison of volatile flavor components in flavor concentrates of











1 2-Pentanone 976 0.011 — 0.002 — 4.7
2 2,3-Butanedione 985 0.089 4.8 0.063 3.4 1.4
3 (E) -2-Butenal6 1036 0. 020 2.2 0.005 0.6 4.0
4 2,3-Pentanedione 1055 0.004 0.4 0.005 0.6 0.8
5 Dimethyl disulfide6 1070 0.399 38.7 0.050 4.9 8. O'
6 2-Hexanone 1078 0.006 - 0.003 - 1.7
7 Hexanal 1079 0.033 3.4 0.030 3.1 1.1
8 (E)-2-Methyl-2-butenal 1091 trB - tr - -
9 (E)-3-Penten-2-one 1123 tr - tr - -
10 l-Penten-3-ol 1154 0.005 0.3 0.003 0.2 1.4
11 Pyridine6 1173 0.003 0.2 0.000 0.0 6.9
12 2-Heptanone 1179 0.006 0.3 0.003 0.2 1.8
14 Pyrazine6 1204 0. 001 0.2 0.000 0.0 11.7
16 Methylpyrazine6 1259 0.015 1.6 0.007 0.8 2.1
18 2-0ctanone 1284 0.002 0.1 0.001 0.0 2.2
20 2,5-Dimethylpyrazine6 1316 0.771 88.4 0.651 74.6 1.2
21 2,6-Dimethylpyrazine6 1322 0.007 0.5 0.006 0.4 1.2
22 Ethylpyraz ine6 1328 0.001 0.1 0.000 0.0 4.9
24 2,3-Dimethylpyrazine 1341 0.000 0.0 0.000 0.0 3.8
25 2,4,6-Trimethylpyridine (I.S.) 1362 1.000 - 1.000 - 1.0
26 Dimethyl trisulfide6 1380 0.251 18.1 0.137 9.9 1.8
27 2-Ethy1-6-methylpyra z ine 1380 0.005 0.4 0.003 0.3 1.6
28 2-Ethy1-5-methylpyrazine6 1385 0.122 9.8 0.095 7.6 1.3
29 2-Nonanone 1391 0.001 0.0 0.000 0.0 21.7
30 Trimethylpyrazine6 1399 0.123 10.1 0.146 12.0 0.8 143
Table 20 - (Continued)
32 (E)-2-Hexen-l-ol 1406 ndh — tr — —
33 2-Cyclohexen-l-onef 1433 0.009 0.6 0.012 0.7 0.8
34 2-Ethyl-3, 6-dimethylpyrazine® 1439 0.124 8.5 0.019 1.3 6.5‘
36 2-Ethyl-3,5-dimethylpyrazine® 1455 0.017 1.1 0.012 0.8 1.4
39 2-Ethyl-1-Hexano1 1489 0.065 1.6 0.009 0.2 7.2
40 (E,E)-2,4-Heptadienalf 1494 nd - 0.001 0.0 -
41 2-Decanone 1495 0.001 - 0.001 - 0.9
42 lH-Pyrrole 1514 0.439 46.8 0.513 54.6 0.9
44 Benzaldehyde® 1520 1.555 90.5 0.288 16.8 5.4‘
46 (E,Z)-2,6-Nonadienalf 1585 nd — 0.002 0.1 —
Tentatively identified 
* Retention Index
b Mean peak area ratio (peak area of compound/peak area of TMP) 
c Concentration
d Peak area ratio of hydrolysate/peak area ratio of control
e Effect of APL-440 on the increase of concentration is significant (p<0.05) 
f Effect of APL-440 on the decrease of concentration is significant (p<0.05) 
8 Trace
h Not detected













Figure 35. Comparison of pyrazines in flavor concentrates 
of claw CPBs hydrolysates prepared by atmospheric 
evaporation and vacuum evaporation (A:2,5-
dimethylpyrazine, Bitrimethylpyrazine, C:2-ethyl-5-
methylpyrazine, D:methylpyrazine, E:2-ethyl-3,6-
dimethylpyrazine, F:pyrazine, G:ethylpyrazine, H:2,6- 
dimethylpyrazine, I:2-ethyl-3,5-dimethylpyrazine, J:2,3- 














Figure 36. Comparison of pyrazines in flavor concentrates 
of claw CPBs controls prepared by atmospheric evaporation 
and vacuum evaporation (A:2,5-dimethylpyrazine, 
B:trimethylpyrazine, C:2-ethyl-5-methylpyrazine, 
D :methylpyrazine, E:2-ethyl-3,6-dimethylpyrazine, 
F:pyrazine, G:ethylpyrazine, H:2,6-dimethylpyrazine, 1:2- 
ethyl-3,5-dimethylpyrazine, J:2,3-dimethylpyrazine, K:2- 
ethyl-6-methylpyrazine, L:tetramethylpyrazine).
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decreased significantly (p<0.05) due to evaporation except 
for 2,5-dimethylpyrazine, 2-ethy1-5-methylpyrazine, 
trimethylpyrazine, and 2-ethyl-3,5 (and 6)-dimethylpyrazines.
The volatile profiles of claw CPBs was similar to those 
of composite CPBs. Claw CPBs exhibited similar trends as 
composite CPBs with regards to the effects of protease 
treatment and heating. However, the concentrations of 
pyrazines were not as large as composite CPBs.
5. Gas Chromatography/Olfactometry (GC/O) of Flavor 
Concentrates of CPBs
Aroma profiles of flavor concentrates of CPBs were 
evaluated using GC/O, which consisted of sniffing and aroma 
intensity (strong, medium, and weak). This may be classified 
as a kind of osme (Miranda-Lopez et al., 1992).
Table 21 lists the aroma active compounds and their 
aroma description in flavor concentrates of CPBs. 
Considerable sulfury, nutty and baked potato, crabby and 
grainy, and raw marine-like notes were detected. Larger 
number of aroma active compounds were present in composite 
hydrolysate of CPBs than in control (Figure 37) . Among 
these, dimethyl trisulfide (cooked cabbage), unknowns having 
sulfury and crabby odors, and an unknown (peak # 54) having 
raw marine-like odor had strong odors. Naphthalenes may 
contribute to raw marine-like odor, which plays an important 
role in crawfish meat (Chen, Unpublished data) . Unknown peak
Table 21. Odor active compounds in flavor concentrates of CPBs
Peak
no.
Compounds name Rr Odor description
1 2,3-Butanedione 985 Buttery
2 Unknown 1015 Sour, Onion
3 Dimethyl disulfide 1070 Sour, Sulfury
4 Unknown 1092 Sour, Sulfury
5 Unknown 1148 Chocolate
6 Unknown 1156 Chocolate
7 Unknown 1167 Ranc id, Pungent
8 (Z)-4-Heptenal 1239 Baked potato, Rancid
9 Unknown 1258 Sulfury, Onion
10 Unknown 1293 Mushroom
11 Unknown 1302 Nutty, Peanut
12 2-Acetyl-l-pyrroline 1337 Popcorn
13 Unknown 1349 Nutty, Peanut
14 Dimethyl trisulfide 1380 Cooked cabbage, Sour
15 (E)-2-Octenal (?) 1421 Raw peanut skin
16 Unknown 1429 Mushroom
17 Unknown 1445 Nutty, Peanut skin
18 2-Ethyl-3,5-dimethylpyrazine 1455 Nutty, Baked potato
19 Unknown 1469 Nutty, Stale
20 Unknown 1483 Nutty, Baked potato
21 Unknown 1520 Sulfury, Sour
22 Unknown 1570 Sweet, Grainy
23 (E,Z)-2,6-Nonadienal 1585 Cucumber
24 Unknown 1601 Nutty, Peanut
25 Unknown 1605 Sour
26 Unknown 1633 Burnt
27 Unknown 1639 Sulfury, Sour
148
Table 21 - (Continued)
28 2-Acetylthiazole 1646 Popcorn, Chocolate
29 Unknown 1662 Sweet, Grainy
30 Unknown 1668 Grainy, Nutty, Crabby
31 Unknown 1673 Nutty, Meaty
32 Unknown 1691 Nutty, Crabby
33 Unknown 1717 Fishy, Fresh fish
34 Unknown 1731 Crabby, Grainy
35 Unknown 1747 Cucumber
36 Unknown 1751 Fishy, Fresh fish
37 Unknown 1768 Sweet, Grainy
38 A Schiff base (?) 1800 Plastic, Sweet
39 Unknown 1814 Burnt, Sulfury
40 Unknown 1857 Catty
41 Unknown 1881 Mushroom
42 Unknown 1897 Sulfury, Vegetable-like
43 Unknown 1935 Sulfury, Sour
44 Unknown 1994 Sweet, Crabby, Grainy
45 Unknown 2004 Sulfury, Sour
46 Unknown 2014 Skunky
47 Unknown 2025 Sweet
48 Unknown 2057 Sweet, Grainy
49 Unknown 2079 Sewage
50 A naphthalene (?) 2135 Mothball
51 Unknown 2170 Sweet, Melon
52 Unknown 2201 Sweet, Floral
53 Unknown 2214 Cooked mushroom
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Figure 37. Aromagrams of volatile flavor components in 
composite CPBs control (A) and composite CPBs hydrolysate 
(B) before concentration. Peak numbers correspond to those 
in Table 21.
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# 54 was thought to be a naphthalene derivatives based on 
high RI value and aroma description. 2-Acety1-1-pyrroline 
(2-AP) and 2-ethyl-3, 5-dimethylpyrazine also are thought to 
contribute to overall aroma quality. After evaporation, 
large number of aroma active compounds disappeared (Figure 
38) . Most intense compounds after atmospheric evaporation 
were 2-AP, dimethyl trisulfide and an unknown (peak No. 54) . 
2,3-Butanedione (Diacetyl), (Z)-4-heptenal, and an unknown 
(peak #20) having nutty and baked potato aroma, were detected 
after atmospheric evaporation. Flavor concentrates after 
vacuum evaporation exhibited lower aroma intensity. These 
results are consistent with the previous chromatographic 
results.
Figure 39 indicates that there was no difference in 
aroma profile between hydrolysate and control in claw CPBs. 
However, 2-ethyl-3,5-dimethylpyrazine (peak #18) was detected 
only in hydrolysate (Figure 40). 2-AP was perceived as the 
only strong aroma in hydrolysate. After evaporation, another 
nutty and baked potato aroma (peak # 20) was detected. These 
nutty and baked potato aroma notes may play an important role 
in flavor concentrates of claw CPBs.
6. Pilot Scale Production of Hydrolysate
Enzymatic hydrolysis of CPBs was further evaluated on a 
pilot scale basis. Progress curves for pilot scale 
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Figure 38. Aromagrams of volatile flavor components in 
flavor concentrates of composite CPBs hydrolysate. Peak 
numbers correspond to those in Table 21. A:Before 
concentration; B: Prepared by atmospheric evaporation; C: 
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Figure 39. Aromagrams of volatile flavor components in 
claw CPBs control (A) and claw CPBs hydrolysate (B) before 



































Figure 40. Aromagrams of volatile flavor components in 
flavor concentrates of claw CPBs hydrolysate. Peak numbers 
correspond to those in Table 21. ArBefore concentration; 
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Figure 41. Progress curves for pilot scale hydrolysis.
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proceeded, degree of hydrolysis (DH) increased similarly to 
those of laboratory scale experiments. Maximum DH reached 
was 64 % after 2.5 hr. No hydrolysis took place in control. 
The rate of hydrolysis for pilot scale experiment was slower 
than that for laboratory scale hydrolysis, but final DH 
reached was about the same after 2.5 hr. This indicates that 
the optimum conditions obtained from laboratory scale may be 
applied to large scale hydrolysis of CPBs.
Figure 42 shows total ion chromatograms of hydrolysate 
and control prepared on a pilot scale. Volatile profiles 
were quite similar to those on a laboratory scale. Higher 
concentrations of pyrazines were found in the hydrolysate. 
Larger number (especially dienals, + marks in Figure 42B) and 
higher concentration of lipid oxidation products (Peaks 40, 
46, 47, and 53) were detected than those from on the
laboratory scale experiment. This may -be due to lipid 
oxidation during processing since CPBs for pilot scale was 
different from CPBs used for laboratory scale, i.e., it was 
collected from a crawfish processing plant.
20 44 52G .0E+6~ 25
>v 5 . 0E + 6 :
c 4 . 0 E + 6 :
3 . 0 E  + G: 28
30
2 . 0 E + 6 :
l i i  j..J t i  i 1  - l y V l I.- -J  ̂ I
5 0  G0 70
.394:
0 . 0 E+ 0 20 3 0 40 8 0 9 0 100
20 44
4 . 5 E+Gi
25
4 . 0E+6 
$  3 . 5  E + 6
c 3 . 0 E + G





5 0 G03 0 70 8 0 9 0 100
Figure 42. Total ion chromatograms of volatile flavor components in 
composite CPBs hydrolysate (A) and composite CPBs control (B) (Peak 




The Louisiana crawfish industry, the largest commercial 
crustacean aquaculture effort in the United States, produces 
over 85 million pounds of crawfish processing by-products 
(CPBs) annually. Due to environmental concern and stricter 
regulation, disposal of CPBs has become a serious problem for 
the crawfish industry. Potentially recoverable volatile 
flavor compounds and flavor precursors are present in CPBs. 
Furthermore, the high content of CPBs protein (40%) may be 
converted into precursors for MaiHard reaction products by 
the action of proteolytic enzymes. Production of flavor 
concentrate by proteolysis of CPBs is one alternative to 
solve the disposal problem and utilize CPBs to their full 
potential. This study involved (1) selection of suitable 
proteases for hydrolysis of CPBs, (2) optimization of the 
hydrolysis conditions, (3) analysis and comparison of 
volatile flavor components in flavor concentrates prepared 
from CPBs, and (4) production of flavor concentrates from 
CPBs on a pilot scale.
The progress for the enzymatic hydrolysis of CPBs with 
APL-440 exhibited a fast reaction rate followed by a slowing 
of reaction. Degree of hydrolysis in a well-stirred system 
was much higher than in the non-stirred system, indicating
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that it is necessary to maintain agitation during hydrolysis. 
Degree of hydrolysis decreased after washing of CPBs, 
indicating that washing did not increase the degree of 
hydrolysis.
A procedure for protease selection was developed for 
enzymatic hydrolysis of CPBs. Non-linearity between the 
amount of APL-440 and degree of hydrolysis made it difficult 
to select a protease on the basis of yield achieved with the 
same amount of protease, thus, selection was based on 
protease concentration required to reach a certain degree of 
hydrolysis. Neutral and alkaline proteases were evaluated 
for selection since the intrinsic pH of CPBs was between 8.0 
and 9.0. During primary selection, ten commercial proteases 
were tested at 37°C using CPBs as the substrate. Plots of 
degree of hydrolysis vs log (amount of protease) for all 
proteases, except for papain and bromelain, showed linear 
relationships. Papain and bromelain instead showed linear 
relationships for log-log plots of degree of hydrolysis vs 
protease amount. Amount of protease required to hydrolyze 
30% of CPBs in 60 min was calculated using regression 
equations. Protease activity was expressed as the inverse of 
this amount. Finally, protease was selected on the basis of 
its price. All alkaline proteases showed higher activities 
than did neutral proteases. Alcalase 2.4L, Prozyme 6, and 
APL-440 showed highest activity on the basis of activity per 
cost. Optimum temperatures for prozyme 6, Alcalase 2.4L and
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APL-440 were 40°C, 70°C and 70°C, respectively. APL-440 was 
selected for enzymatic hydrolysis of CPBs based on the amount 
of protease required for 50% hydrolysis at its optimum 
temperature.
Response surface methodology (RSM) was used to optimize 
the hydrolysis of CPBs using APL-440. Temperature, pH, 
reaction time, substrate concentration, and enzyme/substrate 
ratio were considered as hydrolysis parameters to be 
optimized. Amount of 0.3 M TCA soluble peptides (TSP) and 
degree of hydrolysis (DH) were measured as dependent 
variables. Optimum hydrolysis conditions for enzymatic 
hydrolysis of CPBs with APL-440 were determined as pH 8-9, 
65°C, 2.5 hr reaction time, 75% substrate concentration, and 
0.3% APL-440 on basis of TSP.
Two types of CPBs (composite and claw) were hydrolyzed 
under optimum hydrolysis conditions (65°C, 0.3% of APL-440, 
75% of composite CPBs or 60% of claw CPBs, and 2.5hr reaction 
time). Flavor concentrates were prepared by aqueous 
extraction of hydrolysates and subsequent concentration of 
the recovered aqueous filtrate to ca. 30°Brix, using either 
atmospheric evaporation (100°C) or vacuum evaporation (60°C) . 
A higher volume of concentrate (three-fold higher) was 
obtained by enzymatic hydrolysis. Flavor concentrates of 
composite CPBs and claw CPBs exhibited similar 
characteristics, whereas, hydrolysates of each CPBs had 
different characteristics from its control. Hydrolysate pH
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was lower than that of the control due to protein hydrolysis. 
Controls were more turbid and viscous than hydrolysate due to 
unhydrolyzed proteins. Color of the hydrolysate was brown 
due to the Maillard reaction while that of the control was 
red. The hydrolysate was bitter while the control had a 
salty taste. Although a bitter taste was observed in CPBs 
hydrolysate, debittering may not be necessary because 
bitterness can be masked by other constituents when used in 
food formulations.
Volatile flavor components in flavor concentrates 
prepared by either atmospheric evaporation or vacuum 
evaporation were analyzed and compared. Effect of protease 
treatment on volatile flavor components was evaluated. 
Enzymatic hydrolysis affected thermally generated aromas and 
lipid decomposition products significantly. Concentrations 
of 12 pyrazines detected in composite CPBs increased 
significantly (p<0.05) after enzymatic hydrolysis. 
Concentrations of dimethyl disulfide, dimethyl trisulfide, 
and benzaldehyde, which are thermally generated, also 
increased after enzymatic hydrolysis, whereas, lipid 
degradation products decreased significantly. These results 
suggested that increased precursors (amino acids and 
peptides) by enzymatic hydrolysis, or increased ammonia by 
deamidation of glutamine and asparagine, led to an increase 
in thermally generated aromas. The decrease in lipid 
decomposition products may be explained by the fact that
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lipid decomposition products can react with Maillard reaction 
intermediates to form heterocyclic compounds. 2,5- 
Dimethylpyrazine was the most abundant among the pyrazines 
detected.
Effect of concentration methods on volatile flavor 
compounds was evaluated. A number of volatile compounds 
disappeared after either atmospheric evaporation or vacuum 
evaporation. The major volatile compounds in flavor 
concentrates prepared by either atmospheric evaporation or 
vacuum evaporation were pyrazines. The concentration of 
pyrazines increased markedly after atmospheric evaporation of 
CPBs hydrolysate. It is thought that 2-ethyl-3,6-
dimethylpyrazine and 2-ethyl-3,5-dimethylpyrazine play an 
important role in flavor concentrate because of their low 
threshold values. The concentrations of pyrazines in CPBs 
hydrolysate decreased after vacuum evaporation. The trend 
was similar in flavor concentrate prepared by vacuum 
evaporation to that prepared by atmospheric evaporation.
Flavor concentrates from claw CPBs showed similar 
volatiles profiles to those from composite CPBs. The major 
volatile components in flavor concentrates from claw CPBs 
were also pyrazines. These increased significantly by 
protease treatment. Effect of atmospheric evaporation on the 
formation of pyrazines in claw CPBs hydrolysate was not as 
large as that from composite CPBs hydrolysate. This may be 
due to smaller amounts of lipids present in the claw CPBs.
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Enzymatic hydrolysis of CPBs was further evaluated on a 
pilot scale basis. The optimum hydrolysis conditions 
obtained on a laboratory scale could be applied directly to 
pilot scale hydrolysis of CPBs without significant change in 
final DH. Volatile profiles were quite similar to those 
obtained on a laboratory scale.
Further studies are needed with regards to the non­
volatile flavor components such as nucleotides and amino 
acids. Furthermore, characterization of bitter peptides and 
methods for debittering need to be studied. Evaluation of 
spray-drying of flavor concentrates, as well as storage 
stability of spray-dried flavorants also is recommended. 
Spray-drying conditions should be optimized. Optimization of 
pyrazine formation during spray-drying needs to be studied. 
Effect of reducing sugars on formation of pyrazines should be 
evaluated. To increase reducing sugar precursors, use of 
chitinase also needs to be studied.
In conclusion, it has been demonstrated that composite 
CPBs or claw CPBs can be converted to value-added flavor 
concentrates after proper enzymatic hydrolysis. This may 
make it ultimately possible to utilize these crawfish 
processing by-products to their full potential and 
significantly reduce the amount of solid discharged waste.
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Appendix 1. Proteases used in food protein hydrolysis 
(Adler-Nissen, 1986)
Source Type o f  pro tease(s) Com m on nam es . tradenames* Typical p H  range* Preferential specific ity‘
A nim als
O x, pig A spartic  p ro tease Pepsin, pepsin A pH  1-4 A rom atic  -CO OH  and  -N H 2, 
Leu-, A sp-, G lu -C O O H
Serine p ro tease Trypsin pH  7-9 Lys-, A rg-C O O H
Serine p ro tease C hym otrypsin p H  8-9 Phe-, T yr-, T rp -C O O H
M ixture o f  trypsin , 
chym otrypsin . e lastase and  
ca rboxypep tidase  A  o r  B
Pancreatin pH  7-9 Very b road  specificity
C alf A spartic  p ro tease Chym osm , rennin pH  3-6 R ennet specificity
Plants
P apaya fruit Cysteine pro tease Papain , pure pH  5-7 Lys-, A rg-. Phe-X -C O O H
M ixture o f  pap a in , chym opapain  
and  lysozym e
P apain , crude ■ p H  5-9 B road  specificity
Fig latex Cysteine, pro tease Ficin pH  5-8 Phe-. Tyr-C O O H
Pineapple stem Cysteine, p ro tease Bromelain p H  5 -8 Lys-, A rg-, Phe-, T yr-C O O H
Bacteria
Bacillus amyloliquefaciens M etailoprotease N eutrase pH  6-8 Leu-, P he-N H 2 and  o ther
(B . subtilis) Serine p ro tease Subtilisin Novo, Subtilisin B PN ' pH  6-10 B road specificity, mainly 
‘hydrophobic* -C O O H
M ixture o f  the above Bioprase. N agase, Rapiderm ase, 
R ho2yme P 53, M KC protease
pH  6-9 B road specificity
Bacillus licheni/ormis Serine p ro tease Subtilisin Carlsberg, Alcalase, 
M axatase, O ptim ase
pH  6-10 B road specificity, mainly 
‘hydrophobic* -C O O H
Bacillus  sp. alkalophilic Serine p ro tease Esperase, Savinase,
Highly alkaline protease
pH  7-12 B road specificity, mainly 
‘hydrophobic’ -C O O H
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Appendix 1 - Continued
Bacillus therm oproteolyiicus M etalloprotease Therm olysin, Term oase pH  7-9 lie-. Leu-, VaU. P he-N H 2
uftgi
Aspergillus oryzae (A . sojae) M ixture o f  aspartic  pro tease, 
m etallopro tease , serine p ro tease 
an d  ca rboxypep tidase
Takadiastase . Fungal Protease, 
Sumyzyme L P , Veron P. 
Panazym e, Prozyme, 
Biozyme A , Sanzyme
pH  4 -8 Very b road  specificity
Aspergillus niger (A. saitoi) A spartic  pro tease, usually 
m ixed w ith  carboxypep tidase
A spergillopeptidase A 
(pure aspartic protease), 
Sumyzym e A P, Proctase, 
M olsin. Pam prosin
p H 2 .5 -5 P ure aspartic  protease: as pepsin. 
M ixed p repara tions: b road  specificity.
R hizopus  sp A spartic  pro tease Sumyzym e R P , Newlase pH  3-5 As pepsin
S treptom yces grtseus M ixture o f  alkaline and  
neu tra l p ro tease  plus 
am inopep tidase  and  
carboxypep tidase
Pronase p H  7-9 Very b road  specificity
M ucor m iehei A spartic pro tease Rennilase, From ase, 
M arzym e, M orcurd
p H  3-6 Ren net specificity
M ucor pusillus A spartic  p ro tease E m porase. M eito rennet, 
N oury  Lab.
p H  3-6 Rennet specificity
E ndothia parasitica A spartic  pro tease S urecurd, Suparen p H  3-6 R ennet specificity and  som e unspecific 
activity
Penicillium  duponti A spartic  pro tease w ith  som e 
carboxypep tidase
P. duponti protease pH  2-5 B road specificity
Tram etes sanguinea A spartic p ro tease w ith  som e T. sanguinea protease p H  2-1 B road specificity
carboxypep tidase
T h e  list includes all com m on industrial p ro teases p lus som e non-industria l proteases which are generally used. T he d a ta  have been com piled from  the following sources: 
A u n stru p (l9 7 4 , l980),D am bm ann  and  A u n s tru p ( l9 8 l) ,  D ixon  and  W eb b (!9 7 9 b ),E m it'fa /.(1 9 7 6 ), F ru to n  (1976a), G odfrey  (1983b). G ould  (1975). M ethods Enzym ol. 
(1970), M orihara  (1974).
4 N o t all tradenam es are included.
* Ind icated  application conditions.
* Term inal am ino acid after cleavage.
R N H
H C : 0I
(CHOH)„' I
CHiOH
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Appendix 2. Initial steps of the Maillard reaction 
(Hodge, 1953).
Reducing sugar + Amino acid 
♦
N-Glycosylamine or N-Fructosylamines 
*
Amadori or Heyns rearrangement
I
1 -Amino-1 -deoxy-2-aD-fructopyranose or 2-Aminodeoxy-aD-glucopyranose 

























































Appendix 3. Maillard reaction scheme (Nagodawithana, 1992).
NHf
VII
H O C H j 0
C H ,
HO OH.C H ,
CH,
CH ,
C H , C H , C H ,
HOCHi 0
HOCĤ HOCHj^N^^CH,C H ,
CH,
CH,
CH£Hj CH3 N̂ CHzCH,
ĈHjCHiC«?
O lj*C HJJ-, CHjCH,CH,
j§rHOCHj > r ^ C H ,CH .
Appendix 4. Suggested a-aminocarbonyl fragments and their corresponding 
pyrazines (Shibamoto and Bernhard, 1977a). 187
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Appendix 5. Proposed formation pathway of a-aminocarbonyl fragments 
from glucose (Shibamoto and Bernhard, 1977b). 188
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Appendix 6. SAS program for response surface methodology
options ps=65;
data a ; 
input y xl-x5;







1.40 -1 -1 -1 -1 -1
1.48 1 -1 -1 -1 1
1.12 -1 1 -1 -1 1
0.39 1 1 -1 -1 -1
1.48 -1 -1 1 -1 1
1.29 1 -1 1 -1 -1
1.12 -1 1 1 -1 -1
0.43 1 1 1 -1 1
2.37 -1 -1 -1 1 1
2.35 .1 -1 -1 1 -1
1.86 -1 1 -1 1 -1
1.22 1 1 -1 1 1
2.58 -1 -1 1 1 -1
2.87 1 -1 1 1 1
2.50 -1 1 1 1 1
0.72 1 1 1 1 -1
1.91 -2 0 0 0 0
0.62 2 0 0 0 0
1.96 0 -2 0 0 0
1.13 0 2 0 0 0
1.98 0 0 -2 0 0
2.09 0 0 2 0 0
0.69 0 0 0 -2 0
3.27 0 0 0 2 0
1.96 0 0 0 0 -2
2.12 0 0 0 0 2
2.16 0 0 0 0 0
2.13 0 0 0 0 0
2.10 0 0 0 0 0
2.11 0 0 0 0 0
2.15 0 0 0 0 0
2.09 0 0 0 0 0
2.06 0 0 0 0 0
2.09 0 0 0 0 0
2.26 0 0 0 0 0
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Appendix 7. Mass spectra for peak No. 51 (A) and 52 (B).
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Appendix 8. SAS program for statistical analysis of effect of 
enzymatic hydrolysis and evaporation methods on 2,5- 
dimethylpyraz ine
data dipyz; 
input batch $ treat $ cone $ dipyz; 
list; 
cards;
1 h n 3.622
1 h n 3.544
2 h n 0.313
2 h n 0.550
1 c n 0.846
1 c n 0.902
2 c n 0.239
2 c n 0.241
1 h a 1. 628
1 h a 1.664
2 h a 0.859
2 h a 0.844
1 c a 0.587
1 c a 0. 607
2 c a 0.245
2 c a 0.244
1 h V 1. 028
1 h V 1.081
2 h V 0.499
2 h V 0.476
1 c V 1.199
1 c V 1. 080











class batch treat cone;
model rdipyz=batch treat cone treat*conc; 
lsmeans treat cone treat*conc/pdiff; 
run;
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